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ABSTRACT 

We combine SAURON integral field data of a representative sample of local early-type, red 
sequence galaxies with SpitzerflRAC imaging in order to investigate the presence of trace star 
formation in these systems. With the Spitzer data, we identify galaxies hosting low-level star 
formation, as traced by PAH emission, with measured star formation rates that compare well 
to those estimated from other tracers. This star formation proceeds according to established 
scaling relations with molecular gas content, in surface density regimes characteristic of disk 
galaxies and circumnuclear starbursts. We find that star formation in early-type galaxies hap- 
pens exclusively in fast-rotating systems and occurs in two distinct modes. In the first, star 
formation is a diffuse process, corresponding to widespread young stellar populations and 
high molecular gas content. The equal presence of co- and counter-rotating components in 
these systems strongly implies an external origin for the star-forming gas, and we argue that 
these star formation events may be the final stages of (mostly minor) mergers that build up 
the bulges of red sequence lenticulars. In the second mode of star formation, the process is 
concentrated into well-defined disk or ring morphologies, outside of which the host galaxies 
exhibit uniformly evolved stellar populations. This implies that these star formation events 
represent rejuvenations within previously quiescent stellar systems. Evidence for earlier star 
formation events similar to these in all fast rotating early-type galaxies suggests that this mode 
of star formation may be common to all such galaxies, with a duty cycle of roughly 1/10, and 
likely contributes to the embedded, co-rotating inner stellar disks ubiquitous in this popula- 
tion. 

Key words: galaxies: elliptical and lenticular, cD - galaxies: kinematics and dynamics - 
galaxies: evolution - galaxies: ISM 
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1 INTRODUCTION 

Early-type (elliptical and lenticular) galaxies, as the most massive 
and most evolved components of the local Universe, are important 
test sites for our understanding of the growth of structure. In the 
past, these systems likely hosted much more powerful star forma- 
tion and nuclear activity th an is found in present day assemblin g 
systems ("downsizing"; e.g. ICowie et alj [l996; Kriek etal1l2007l) . 
However, these galaxies have long since ceased such activity and 
are now part of the "red sequence" in the optical color-magnitude 
space, so called because of the red colors produced by old stellar 
populations. 

The lack of star formation in these galaxies has been at- 
tributed to various mechanisms, including gas exhaustion in the 
major mergers that supposedly give early-type systems their bulge- 
dominated morphologies, gas stripping as these typically more 
clustered galaxies encountered the cluster environment, and gas 
heating by AGN or by shock-heating as the accreting halos cross 
a mass threshold above which the gas shocks upon entry. Detailed 
studies of the gas content and of low-level star formation in early- 
type galaxies can therefore be a critical constraint on the relative 
importance of each of these mechanisms in regulating the inter- 
stellar media (ISM) and therefore star formation in these systems. 
Such data are a window into the mechanisms responsible for bring- 
ing early-type galaxie s from the blue cloud onto the red sequence 
(e.g. lFaberet~atll2007t) and keeping them there. 

Over the past several decades, increasingly sensitive probes 
of the ISM in early-type galaxies have shown that these systems 
contain detectable amounts of atomic hyd rogen, co ld dust, and 
ionize d gas (see review by Schweizei 1 19871. also e.g. Sadler et all 



l200d : iBressan et alj|2006l; hemi et al]|200l iKaneda et aljbodj) 
More recently. iMorganti et alj 120061) and lSarzi et ajj (2006, here- 
after Paper V) have shown that the majority of early-type galax- 
ies in non-cluster environments contain atomic and ionized gas, 
with environment playing a critical role in the presence of an ISM. 
In some cases, the gas content in these systems is large, with 
Mm = 10 6 -10 9 M and M H n = 10 2 -10 5 M dMorganti et all 



l2006t Paper V). 

This abundance of gas naturally raises the question of whether 
these systems, some of which have up to the same amount of atomic 
hydrogen as the Milky Way, also sustain a molecular component 
and on-going star formation. Several surveys of CO emission in 
early-type galaxies ha ve found substantial amounts of molecular 
gas in some sy stems dLees et all 1 1 99 ll : [ Youndl2002l ; see also the 
compilation bv lBettoni et alj|2003l) . More recently, millimeter in- 
terferometry has demonstrated that this gas is sometimes arranged 
in regularly rotating disks, whose size and orientation is consistent 
with that of the ionized gas and of the embe dded stellar disks ob- 
served in this class of galaxies dYoung et alj|2008l) . However, the 
trace amounts of star formation likely associated with these molec- 
ular reservoirs have historically been difficult to quantify and to 
disentangle from other gas excitation mechanisms. 

In 2003, the launch of the Spitzer Space Telescope made pos- 
sible sensitive observations of polycyclic aromatic hydrocarbons 
(PAHs) and of small hot dust grains, both ionized primarily by 
young stellar populations, in early-type galaxies. Nearly simultane- 
ously, the launch of the GALEX satellite enabled similarly sensitive 
observations in the ultraviolet, in which the stellar photospheric sig- 
natures of these young stars can be probed directly. Data from these 
satellites have revealed that star form ation is occurring in a sig- 
nificant fraction of earl y-type galaxies dYi et alj [2005 ; Youn g etall 
l2009l : lTemietai]|2009l) and that this late-time star formation con- 



tributes 1 — 10% o f the current stellar mass dSchawinski et al.l2007l : 
iKavirai et ai]|2007l) . 

The detection capabilities and spatial resolution available with 
these satellites now allows detailed comparisons within galaxies of 
star formation processes and other properties. With a suitable sam- 
ple and extensive multi-wavelength data, it is then possible to study 
what governs star formation in early-type systems and to probe why 
some of these galaxies continue to regenerate their stellar popula- 
tions while others truly are "red and dead." 

In this paper, we therefore present Spitzer data for our repre- 
sentative sample of early-type galaxies, the SAURON survey. In the 
context of this survey, these galaxies have all been observed with 
optical integral-field spectroscopy, which provides stellar kinemat- 
ics and absorption line indices, as well as ionized gas fluxes and 
kinematics (§2). Such properties can be compared in detail with 
direct probes of star formation, as available in the mid-IR with 
Spitzer/IRAC (Sj3). We use these data to locate regions of on-going 
star formation in the SAURON galaxies and to probe the corre- 
sponding rates and efficiencies ([Q. We then combine the SAURON, 
Spitzer, and auxiliary data sets to study the photometric and kine- 
matic properties associated with star formation in early type galax- 
ies (§5$ and to probe the origins, evolution, and fate of these sys- 
tems (Sj6j, Finally, in i|7] we summarize our conclusions about the 
continuing evolution of these red sequence galaxies. 



2 THE SAURON SURVEY 

The SAURON survey is a study of the two-dimensional kinematic, 
stellar population, and gas properties of representative samples of 
early-type galaxies and bulges, using i ntegral-field obser vations ob- 
tained with the SAURON instrument dBacon et alj|200ll hereafter 
Paper I), mounted on the William Herschel Telescope in La Palma. 
The sample was selected to be evenly divided between morpholog- 
ical classes (E, SO, Sa) and environment (field, Virgo cluster), and 
to representativel y cover the ellipticity versus absolute magnitude 
parameter space dde Zeeuw et al. I I2002L hereafter Paper II). In the 
context of this program, 48 elliptical and lenticular galaxies and 24 
spiral bulges were observed out to one effective radius. Here, we 
focus on the 48 early-type sys tems in the main SAUR ON survey, for 
which the stellar kinematics (Emsellem et al. 2004, hereafter Pa- 
per III), absorption line strengths ( Kun tschner et alj2006l . hereafter 
Paper VI), and emission line fluxes and kinematics (Paper V) have 
been studied in detail. In these data, the pixel size is 0.8" and the 
median seeing FWHM is 1.7" (Paper III). 



2.1 Survey Results: Stellar Kinematics 

Analysis and comparison of the stellar kinematics maps of the 
SAURON sample has revealed that early-type galaxies are struc- 
turally quite complex. In particular, lEmsellem et al.l d2007l . here- 
after Paper IX) showed that these systems naturally divide into two 
new categories: fast and slow rotators, as parametrized by their spe- 
cific angular momentum within one effective radius, \r. Detailed 
analysis of the kinematics in these systems and dynamical model- 
ing have revealed that the fast rotators, those systems with high A_r, 
are uniformly characterized by significant embedded disk compo- 
nents and oblate axisymmetry, while the slow rot ators, those sys- 
tems with low Ajj, are fairly round and triax ial (Cappella ri et al.l 
12001 hereafter Paper X; lKrainovic et alj2008l hereafter Paper XII; 
van den Bosch et al. in prep). 
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Within these systems, the stellar velocity maps also re- 
veal a variety of kinematic substructures, most notably the kine- 
matically decoupled c omponents (KDCs, Paper XII). Moreover, 
iMcDermid et alj J2OO6I hereafter Paper VIII) have shown that the 
characteristics of the KDCs, where present, are linked to the rota- 
tional class of the host system. KDCs in fast rotators are all compact 
(<500 pc) and are generally composed of young (<5 Gyr) stars, 
while those in the slow rotators are universally large (>1 kpc) and 
much older (>8 Gyr; Paper VIII). It is thus apparent that the as- 
sembly and star formation processes involved in the creation of an 
early-type system are intimately linked with the resulting kinematic 
substructure. 

2.2 Survey Results: Ionized Gas and Auxiliary Data 

Additionally, the SAURON survey has located and spatially resolved 
likely regions of continuing evolution within early-type galaxies, 
where star formation appears to be on-going. From the SAURON 
maps, Paper V identified a subset of the sample in which the low 
[OlII]/H/3 emission-line ratios and settled gas systems can only 
be interpreted as sites of star formation activity. In these systems, 
the ionized gas is arranged in a regular, disk-like configuration, 
with low velocity dispersion (Paper V). Stellar population estimates 
(Paper VI; Kunts chner et al. in prep) and GALEX UV imaging 
(Jeong et al. 2009, hereafter Paper XIII) have further revealed that 
these systems contain the young stellar populations that must ex- 
ist in the presence of on-going star formation. Additional evidence 
for star formation in these galaxies comes from CO observations, 
which reveal the presence of molecular gas and show that, in some 
cases, this gas is organized into disks that are co-s patial and co- 
rotating with the ionize d gas and the young stars JCombes et al.l 
l2007l ; lYoungetal.ll2008h . However, it is important to note that de- 
spite this evidence for trace on-going star formation in this subset 
of the sample, wide field optical imaging of the SAURON galax- 
ies continues to confirm that all the galaxies in this sample reside 
solidly on the red sequence in optical colors (Falcon-Barroso et al. 
in prep). 

These star-forming galaxies in the SAURON sample are, how- 
ever, the minority of the population, with the exact fraction depend- 
ing on the tracer used (5/48: from [OlII]/H/3 emission line ratios, 
Paper V; 9/34: from UV emission, Paper XIII). The majority of 
the galaxies in the SAURON survey do contain measurable ionized 
gas, but these systems display emission line ratios inconsistent with 
on-going star formation (Paper V; Sarzi et al. in press, hereafter Pa- 
per XVI). Many of these systems also contain extensive reservoirs 
of neutral hydrogen (Mm = 10 6 — 10 9 Mq), whic h in some cases 
is organized into large, regu larly rotating structures ( Morga nti et al.l 
2006; IWeiimans e t al. 2008; Oosterloo et al. in prep). The presence 
of this neutral gas and its potential processing into stars is therefore 
complicated, and critical, to understand. 



3 SPITZER DATA 

The obvious questions raised by these SAURON results are then: 
what are the origins of the large amounts of gas in some early-type 
galaxies, and what governs its conversion into stars? To address 
these questions, we must probe the star-forming structures in the 
SAURON galaxies in detail. 

This requires a star formation tracer that is more direct than 
the [OlII]/H/9 ratio, which can be affected by AGN activity and 
metallicity gradients, and the presence of CO, which by itself is 



not evidence of on-going star formation. While both the ultravio- 
let and the mid-infrared, in which reprocessed UV light is emitted, 
are suitable for this task, the infrared telescope Spitzer yields spa- 
tial resolution ~3 times better than that of the UV space telescope 
GALEX and comparable to that of SAURON. Spitzer observations, 
therefore, provide the unique opportunity to probe the star forma- 
tion properties of the SAURON galaxies on the spatial scales of in- 
teresting stellar and ionized gas features, some of which lie below 
the GALEX spatial resolution. 

To do this, we measure the mid-IR emission bands from poly- 
cyclic aromatic hydrocarbons (PAHs) in the SAURON galaxies. 
These large molecules, with sizes of few A and containing up to a 
few hundred carbon atoms, are each stochastically heated by far UV 
photons, which excite high-energy vibrational modes that, as they 
decay, emit primarily in broad emission bands centered at 3.3/im, 
6.2/im, 7.7/im, 8.6/im, 1 1.2/^m, and 12.7/im. This emission is typ- 
ically seen on the boundaries of HII regions, suggesting that late O 
and early B type stars provide the requisite UV photons and that 
harder radiation fields (e.g. within HII regions or from AGN) either 
destroy or chemically transfor m the molecules suc h that they no 
longer emit in these bands (e.g. Cesar skv et al.l 199*61) . We therefore 
use these mid-IR emission bands, probed by Spitzer/IKAC broad- 
band images and supplemented where possible with Spitzer/IKS 
spectroscopy, to study the intensity and morphology of star forma- 
tion in the SAURON galaxies. 



3.1 Observations and Archival Data 

For this study, we combine observations with data made publicly 
available through the Spitzer Science Center (SSC) archive, as orig- 
inally acquired in the context of a number of different programs. 
These archival data cover a significant fraction of the SAURON sam- 
ple. The remaining systems were observed in the context of Pro- 
gram 50630 (PI: G. van der Wolk) during Cycle 5, such that Spitzer 
data was obtained for the full SAURON sample of early-type galax- 
ies. 

When possible, the IRAC broad-band images are supple- 
mented with archival IRS data, either with the optimal coverage of 
PAH emission bands achieved in observations with the SL module 
(A = 5.2— 14.5/im) or with coverage of the longer-wavelength PAH 
bands with the SH module (A = 9.9— 19.6/im). Table [T] describes 
the available data for each system. 



3.2 Data Processing 

To reduce the IRAC data, we began with the Basic Calibration Data 
(BCD), as generated in the Spitzer pipeline. Artifacts were removed 
from each exposure using the publicly available artifact mitigation 
code on the SSC website (courtesy of S. Carey). The exposures 
were processed and combined into final mosaics using MOPEX 
(vl6.3.7) with pixel sizes of 1.22". These images were then sky 
subtracted in the standard way. 

Aperture photometry was performed on all systems using 
three apertures: one of radius 14", for comparison with CO data ob- 
tained with a beam of this equivalent radius (in $4.21 , another cor- 
responding to the effective radius of the galaxy (R e ), and a third en- 
compassing all of the 8.0/im non-stellar emission (see $3.31 for use 
in measuring the total star formation rate (SFR) in systems where 
the observed radius of star formation exceeds R e . During this pro- 
cess, foreground and background objects and associated saturated 
pixels were masked out. (The two systems most affected by this 
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Table 1. Spitzer Data for the SAURON Sample Galaxies 



Galaxy 


IRAC Exp. Time 


IRS Spectral Range 


/3.6 


/8.0 


Observers 




(sec) 




(M m ) 


(Jy) 


(Jy) 


(Pis, Program IDs) 


NGC 474 


150 




9.9 - 


19.6 


0.072 


0.018 


A. Zezas (20140) 


NGC 524 


150 








0.283 


0.098 


G. van der Work (50630) 


NGC 821 


44 




5.2 - 


14.5 


0.148 


0.041 


G. Fabbiano (20371); J. Bregman (03535) 


NGC 1023 


150 




5.2 ■ 


- 7.7 


0.635 


0.167 


G. Fazio (00069) 


NGC 2549 


150 








0.106 


0.028 


G. van der Wolk (50630) 


NGC 2685 


48 








0.095* 


0.050+ 


G. Rieke (40936) 


NGC 2695 


150 








0.067 


0.017 


G. van der Wolk (50630) 


NGC 2699 


150 








0.040 


0.011 


G. van der Wolk (50630) 


NGC 2768 


500 








0.362 


0.099 


G.Fazio (30318) 


NGC 2974 


500 




5.2- 


14.5 


0.175* 


0.062* 


G. Fazio (30318); H. Kaneda (03619) 


NGC 3032 


480 








0.038 


0.110 


S. Kannappan (30406) 


NGC 3156 


210 








0.028 


0.016 


J. Surace (03403) 


NGC 3377 


150 




5.2- 


14.5 


0.219 


0.058 


G. Fazio (00069); J. Bregman (03535) 


NGC 3379 


60 




5.2- 


14.5 


0.604 


0.150 


G. Fazio (00069); J. Bregman (03535) 


NGC 3384 


500 








0.298 


0.088 


G.Fazio (30318) 


NGC 3414 


150 








0.142 


0.044 


G. van der Wolk (50630) 


NGC 3489 


60 


5.2 


- 7.7; 


9.9- 19.6 


0.227* 


0.1 04t 


G. Fazio (00069); C. Leitherer (03674) 


NGC 3608 


500 




5.2 - 


14.5 


0.145 


0.035 


G. Fazio (30318); J. Bregman (03535) 


NGC 4150 


150 


5.2 


- 7.7; 


9.9- 19.6 


0.06lt 


0.054t 


G. Fazio (00069); C. Leitherer (03674) 


NGC 4262 


150 








0.086 


0.022 


G. van der Wolk (50630) 


NGC 4270 


150 




9.9- 


19.6 


0.040 


0.011 


A. Zezas (20140) 


NGC 4278 


60 




5.2- 


14.5 


0.282 


0.087 


G. Fazio (00069); E. Sturm (03237) 


NGC 4374 


60 




5.2- 


14.5 


0.770 


0.204 


G. Fazio (00069); G. Rieke (00082) 


NGC 4382 


150 




5.2- 


14.5 


0.880 


0.243 


A. Zezas (20140); A. Bressan (03419) 


NGC 4387 


150 








0.038 


0.010 


G. van der Wolk (50630) 


NGC 4458 


500 








0.039 


0.010 


G.Fazio (30318) 


NGC 4459 


60 




9.9- 


19.6 


0.294 


0.156 


P. Cote (03649); C. Leitherer (03674) 


NGC 4473 


60 




5.2- 


14.5 


0.255 


0.066 


P. Cote (03649); A. Bressan (03419) 


NGC 4477 


48 




5.2- 


14.5 


0.257 


0.071 


G. Rieke (40936) 


NGC 4486 


150 




5.2- 


14.5 


1.386 


0.402 


W. Forman (03228); G. Rieke (00082) 


NGC 4526 


60 




5.2 ■ 


■ 7.7 


0.492 


0.286 


G. Fazio (00069) 


NGC 4546 


150 








0.227 


0.063 


G. van der Wolk (50630) 


NGC 4550 


150 




5.2- 


14.5 


0.056 


0.019 


G. van der Wolk (50630); A. Bressan (03419) 


NGC 4552 


240 




5.2- 


14.5 


0.401 


0.104 


R. Kennicutt (00159) 


NGC 4564 


44 




5.2- 


14.5 


0.125 


0.032 


G. Fabbiano (20371); A. Bressan (03419) 


NGC 4570 


60 




5.2- 


14.5 


0.129 


0.033 


P. Cote (03649); A. Bressan (03419) 


NGC 4621 


60* 




5.2- 


14.5 


0.419 


0.110 


P. Cote (03649); A. Bressan (03419) 


NGC 4660 


60 




5.2- 


14.5 


0.107 


0.028 


P. Cote (03649); A. Bressan (03419) 


NGC 5198 


150 








0.056 


0.014 


G. van der Wolk (50630) 


NGC 5308 


150 








0.065 


0.016 


G. van der Wolk (50630) 


NGC 5813 


60 




5.2- 


14.5 


0.248 


0.060 


G. Fazio (00069); J. Bregman (03535) 


NGC 5831 


210 




5.2- 


14.5 


0.097 


0.026 


J. Surace (03403); J. Bregman (03535) 


NGC 5838 


150 








0.168 


0.061 


G. van der Wolk (50630) 


NGC 5845 


44 








0.042 


0.013 


G. Fabbiano (20371) 


NGC 5846 


150 




5.2- 


14.5 


0.429 


0.087 


A. Zezas (20140); J. Bregman (03535) 


NGC 5982 


210 








0.121 


0.031 


J. Surace (03403) 


NGC 7332 


150 




5.2- 


14.5 


0.086 


0.024 


G. van der Wolk (50630); R. Rampazzo (30256) 


NGC 7457 


500 








0.098 


0.027 


G.Fazio (30318) 



IRAC data noted with (*) are saturated in the 3.6/xm band. Aperture photometry is given over the galaxy effective radius; note 
that for galaxies indicated with (*) non-stellar 8.0/im emission extends beyond R e . In all cases, errors on the photometry are 
completely dominated by the assumed 3% systematic error in the IRAC photometric calibration (see text); consequently, we do 
not explicitly list this systematic error here. 



are NGC 2974, with a bright foreground star to the southwes t, and 
NGC 4150, with a 2=0.52 QSO identified bv llira et al.l200d to the 
southeast.) The SSC-recommended extended aperture corrections 
were a pplied in all cases for the relevant ap erture sizes and wave- 
bands ( Reach et alj2005l : ICohen et alj2 007 ) . Errors on the photom- 
etry were extracted from the same apertures on the uncertainty im- 
ages, whose processing in the IRAC pipeline and post-processing 
was identical to that of the images. In cases where an image was 



saturated (see Table QJ, the photometry was recorded as a lower 
limit. These errors and upper limits were combined in quad rature 
with the photometric error of IRAC of 3% teeach et ai1l2005l) . 

For visual analysis of the mid-IR morphology of the SAURON 
galaxies, we also use the IRAC images directly. To re-scale the 
measured intensities in the images for extended sources, we multi- 
ply each image by t he extended apertu re corre ction appropriate fo r 
an infinite aperture jReach et alj2005l see also lGordon et al . 2008). 
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NGC 5866 



5 6 




NGC 4552 




10 



Figure 1. IRS spectra for an actively star-forming early-type galaxy (top) 
and a galaxy with no on-going star formation (bottom). The star-forming 
galaxy emits significantly in the main PAH bands at 6.2, 7.7, 8.6, 11.3, and 
12.7/mi, which are excited by the FUV photons associated primarily with 
massive young stars. In marked contrast, the quiescent galaxy's spectrum is 
featureless. The spectra shown here are for NGC 5866, a galaxy observed 
with SAURON but not in the context of the main sample, and NGC 4552, 
part of the SAURON sa mple. The spectra are taken from the SINGS survey 
iKennic utt et al. 2003) data release. For reference, the IRAC 8.0/im filter 
response provided by the SSC is overplotted in dashed lines, with arbitrary 
normalization. 



In order to compare the 3.6/im images and the 8.0/im images for 
each galaxy (see £]3,3ll, we then convolv e the 3.6/tm images with a 
kernel designed by Go rdon et alj (2008) to transform their PSF to 
that of the 8.0/tm images. In some cases, the convolution kernels 
altered the centering of the image by several tenths of a pixel; for 
these galaxies, the images were re-aligned using foreground stars 
for reference. 



3.3 Tracing Star Formation 

The presence of PAH emission in the resulting images and aperture 
photometry is best probed by the 8.0/im waveband, the spectral 
response function of which covers the strong 1.1pm and 8.6/tm 
features (Figure [TJ . However, other emission processes can con- 
tribute to signal at 8.0/tm, the most important of these being a non- 
negligible contribution from stars. 

The stellar contribution to the 8.0/im band can be estimated 
using the flux in the 3.6/im band, both of which are dominated 
by the Rayleigh- Jeans tail of the stellar light, via the simple for- 
mula fs.o, stellar = X-3.6 x h.6- However, predictions of X 3 . 6 from 
IBruzual & Charlotl {2003) single stellar population (SSP) models 
(see Figure[2} an d from Starburst9 9 continuous star formation mod- 
els generated by Hel ou et all d2004l) reveal a wide range in this pa- 
rameter depe nding on the age an d metallicity of the stellar popula- 
tion (see also lCalzetti et al.l2007t) . In late-type g alaxies, for which a 
continuous star formation model is appropriate. iHelou et alj fc004h 



find X3.6 = 0.232; however, this value has limited applicability to 
our early-type galaxies, wh ich are not well described by a contin- 
uous star formation model. IWuetalj |2005) subsequently used im- 
ages of quiescent galaxies to empirically estimate X3.6 = 0.26, al- 
though there is little reason to apply this number to systems with 
stellar populations that deviate from being uniformly very evolved. 

Given the large range in ages and metallicities found in the 
SAURON galaxies (Kuntschner et al. in prep), it is preferable to 
directly measure X3.6 in each of our sample galaxies, based on 
IBruzual & Charlotl d2003h SSP models. We begin by computing 
SSP models that finely sample age and metallicity parameter space. 
For each galaxy, we then compare the observed stellar absorption 
line strengths (H/3, Mg b, Fe5015) to those predicted by the SSP 
models and locate the best-fit model in the maximum likelihood 
sense. This model yields the predicted stellar spectral energy dis- 
tribution in the mid-infrared, from which we measure X3.6. (Tests 
with more recent SSP libraries that include an updated treatment 
of AGB stars found similar results to those quoted here.) The re- 
sulting range of -X3.6 for our sample galaxies is shown in the 
right panel of Figure [2] with a sample median of 0.264. We cau- 
tion here that we find X3.6 to differ significantly from 0.264 in 
some galaxies in our sample and especially in later-type systems 
(E/S0: Figure [2] Sa: Falcon-Barroso, private communication), so 
the conversions used here should not be blindly applied to other 
galaxies or HII regions. Using the derived values of -X3.6 for each 
galaxy, we estimate the non-stellar contribution to the 8.0/im flux 

Via fs.0,non-stellar = fs.O ~ -X3.6 /3.6- 

In galaxies where a significant amount of non-stellar 8.0/im 
emission is detected, we inspect the pipeline-processed pBCD (post 
Basic Calibration Data) IRS spectra, where available, to differenti- 
ate between emission dominated by PAH features (Figure QJ and 
emission dominated by strong non-thermal con tinuum emission 
powered by an AGN (see e.g. lBressan et alj|2007t) . 

In cases where the 8.0/im non-stellar emission is due to PAH 
bands, the star formation rate needed to drive this PAH emission 
can b e computed dire ctly from fs.o,non- stellar, using the relation 
from lWuetal] ( l2005l) . 



SFR (M yr" 1 ) 



vL v (8.0,non — stellar) 



(1) 



1.39 x 10 9 L e 

These authors have calibrated this relation from the lYun et all 
relation between SFR and radio continuum (based on the 
SFR-FIR and radio-FIR relations), with correlation coefficient 
p = 0.88 betwee n the 8.0/im and the radio continuum emission. 
IWu et alj d2005h have also calibrated the 8.0/im SFR estimator 
against the KennicutJ J 19981) SFR-Ha conversion, which lowers 
the estimated SFR by ~13%. The SFRs derived from equationQjfor 
the SAURON galaxies are typically several tenths o f a solar mass per 
year (Tabled, which is within the regime in which lWu et al. 
report a linear relation between SFR and 8.0/im flux. We note that 
non-linear relations between 8.0/im emission and SFR have been 
reported; however, this effect appears to be confined to galaxies 
with metallicities le ss than one third solar ( Engelbrach t et alj2005t 
ICalzettietaT]|2007h and likely does not apply to the metal-rich 
early-type galaxies discussed here. 

The errors on our 8.0/im luminosities are derived in ij3.2l and 
include the 3% IRAC photometric calibration. We then propagate 
the unce rtainties in the relations between 8.0/im and r adio lumi- 
nositi es jWu et al]|2005h and SFR and radio luminosity iYun et ail 
120011) in order to estimate the total (statistical and systematic) error 
on our SFRs. The final error estimates derived in this way are listed 
in Table [2] 
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Figure 2. Left: Dependence of X3,g on a galaxy's age and metallicity, as predicted by Bruzual & Chariot (200 3[) SSP models. F our different metallicities, 
rangin g from sub-s olar (green) to super-solar (magenta), are plotted and labeled. The Starburst99 value found by |Helou"e7 al. 1 2004) and the empirical estimate 
bv lWuetalJl2005t) are overplotted with dashed lines. Right: Histogram of best-fit values of X3.6 for the SAURON sample galaxies. See text for a description 
of the method. 



We measure SFRs for the 13 galaxies in our sample in which 
the 8.0/im non-stellar emission is significant (with respect to the 
statistical error bars) and is likely associated with star formation 
(as identified in <j4.1| and shown in Figure^). For systems in which 
there is negligible 8.0/im non-stellar emission, we quote the r.m.s. 
errors on the non-detections as the upper limits in Table[2] For sys- 
tems in which there is 8.0/im non-stellar emission that is likely not 
associated with star formation (as identified in S|4.1.3| and shown in 
Figure^), we quote the derived SFRs from this emission as the up- 
per limits. These latter upper limits are often contaminated by AGN 
emission or other processes (see <j4. 1 .3I > and are consequently less 
stringent limits on the SFRs in these systems. 

As a final caveat to the SFRs measured here, it should be noted 
that there is some debat e as to what radiation fields can drive PAH 
emission. In particular, IPeeters et al. I fe004h have suggested that 
PAHs may be better tracers of B stars than of the ha r der ra diation 
fields found around O stars. Likewise, ICalzetti et al] (2005) found 
evidence for a diffuse component of PAH emission unrelated to 
HII regions, suggesting that these molecules may be excited by UV 
photons in th e general galactic rad iation fields, possibly originating 
from B stars. IPeeters et al] 12002) have also shown that post-AGB 
stars and planetary nebulae can produce radiation fields appropri- 
ate for PAH absorption and reprocessing. To differentiate between 
those systems in which the 8.0/im non-stellar emission is associ- 
ated with young stellar populations and those in which it is not, 
in $4. II we compare the Spitzer data with SAURON and auxiliary 
data to find compelling evidence for and against star formation in 
individual galaxies. 



4 STAR FORMATION IN THE SAURON GALAXIES 

Figures [Tol and [T71 present a detailed comparison of the SAURON 
stellar and ionized gas properties with the IRAC data. These data 
reveal a wide range in the mid-IR properties in the sample galaxies, 
from negligible 8.0/im non-stellar emission to highly-structured 
8.0/im non-stellar emission. Since many of the systems in the 
SAURON sample are unremarkable in their infrared properties, we 
present a single representative galaxy from this group in Figure [Tol 



In Figure [TT] we show all systems with marginal to significant in- 
frared emission (also shown in Figure [3}. Representative spectra 
from these two groups are shown in Figure[TJ 

4.1 Evidence for Star Formation in 8.0/xm Emission 

Of the 48 SAURON galaxies, roughly half (Figure [TT] and repro- 
duced in Figure O have 8.0/im non-stellar maps with significant 
power. Since this 8.0/im non-stellar emission can be powered by a 
variety of mechanisms, we combine the Spitzer data with SAURON 
and auxiliary data to differentiate between these emission pro- 
cesses. In our sample, we see evidence for several 8.0/im emission 
mechanisms; here we discuss the galaxies in each class in turn. 

4.1.1 Clear Signatures of Star Formation 

In 8 of the 48 SAURON galaxies, there is strong evidence that the 
8.0/im non-stellar flux reflects PAH transitions excited by young 
stars. These systems are shown in the left and middle columns 
of Figure [3]!; all eight display strong 8.0/im structures, and their 
spectra, where available, contain prominent PAH emission features. 
Furthermore, Figure [3]j highlights the marked difference in spatial 
distribution between the 8.0/im and 3.6/im emission in these galax- 
ies. This provides key evidence that the 8.0/im-emitting dust is not 
produced and excited by the stellar mass loss of an older FUV- 
bright population (e.g. the AGB stars responsible for the so-called 
"UV upturn," Bureau et al. in prep), since the spatial distribution of 
such populations is expected to closely follow that of the 3.6/im- 
emitting old stellar populations. The radial profiles in Figure^ are 
also useful in quantifying the extent of the star formation Rsf (Ta- 
ble^, which we define here as the radius at which /g.o^m/ J 3.6/im 
decreases to < 10% its peak height above X3.6. 

Additional evidence for young stellar populations in these 
galaxies comes from the SAURON integral field data, in which the 
PAH-emitting regions are found to be c oincident with hi gher H/3 
line strengths (FiguresBland ll 11 see also lTemi et al]|200^) . indica- 
tive of the presence of younger stars (Paper VI; see [|5]for details). 
These findings are also supported by auxiliary GALEX imaging, 
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Table 2. Observed SFRs and Related Properties for the SAURON Sample Galaxies 



Galaxy 


Rotator 


Type 


R e 


Distance 


^3.6 


SFR 


rfSFR 


Rsf 


M H2 




(Fast/Slow) 




(") 


(Mpc) 




(M Q yr" 1 ) 


(Moyr" 1 ) 


(") 


(10 8 M ) 


NGC 474 


F 


SO 


28.0 


26.06 


0.264 





0.0025 





<0.26 


NGC524 


F 


SO 


35.4 


23.99 


0.274 


0.0971 


0.0415 


13 


1.11 


NGC 821 


F 


E6 


31.3 


24.10 


0.261 





0.0132 





<0.39 


NGC 1023 


F 


SB0 


48.7 


11.43 


0.268 





0.0012 





<0.05 


NGC 2549 


F 


SO 


13.9 


12.65 


0.277 





0.0008 





<0.10 


NGC 2685 


F 


SB0 


23.6 


11.86 


0.258 


0.0950 


0.0406 


50 


0.12 


NGC 2695 


F 


SAB0 


18.7 


32.36 


0.261 





0.0031 





<0.87 


NGC 2699 


F 


E 


12.1 


26.92 


0.264 





0.0039 





<0.31 


NGC 2768 


F 


E6 


68.0 


22.39 


0.258 





0.0265 





0.74 


NGC 2974 


F 


E4 


28.3 


21.48 


0.271 


0.1426 


0.0610 


70 


<0.39 


NGC 3032 


F 


SAB0 


19.3 


21.98 


0.293 


0.4017 


0.1717 


18 


5.27 


NGC 3156 


F 


SO 


14.8 


22.39 


0.264 


0.0349 


0.0149 


10 


0.48 


NGC 3377 


F 


E5-6 


38.3 


11.22 


0.258 





0.0012 





<0.08 


NGC 3379 


F 


El 


44.9 


10.57 


0.264 





0.0036 





<0.05 


NGC 3384 


F 


SB0 


28.5 


11.59 


0.271 





0.0091 





<0.12 


NGC 3414 


S 


SO 


32.0 


25.23 


0.258 





0.0385 





<0.14 


NGC 3489 


F 


SAB0 


21.5 


12.08 


0.271 


0.0619 


0.0265 


38 


0.15 


NGC 3608 


S 


E2 


33.6 


22.91 


0.264 





0.0060 





<0.33 


NGC 4150 


F 


SO 


15.9 


13.74 


0.271 


0.0606 


0.0259 


16 


0.59 


NGC 4262 


F 


SB0 


10.6 


15.42 


0.258 





0.0004 





<0.10 


NGC 4270 


F 


SO 


13.7 


37.33 


0.261 





0.0053 





<0.58 


NGC 4278 


F 


El-2 


30.6 


16.07 


0.261 





0.0294 





<0.32 


NGC 4374 


S 


El 


70.2 


18.45 


0.261 





0.0124 





<0.14 


NGC 4382 


F 


SO 


94.4 


17.86 


0.264 





0.0298 





<0.20 


NGC 4387 


F 


E 


11.0 


17.95 


0.261 





0.0004 





<0.21 


NGC 4458 


S 


E0-1 


19.9 


16.37 


0.252 





0.0010 





<0.17 


NGC 4459 


F 


SO 


41.0 


16.07 


0.264 


0.1689 


0.0722 


12 


1.68 


NGC 4473 


F 


E5 


26.8 


15.28 


0.264 





0.0016 





<0.10 


NGC 4477 


F 


SB0 


46.5 


16.67 


0.261 


0.0088 


0.0038 


7 


0.34 


NGC 4486 


S 


E0-1 


106.2 


17.22 


0.268 





0.0761 





<0.12 


NGC 4526 


F 


SAB0 


35.7 


16.90 


0.268 


0.3700 


0.1581 


11 


6.05 


NGC 4546 


F 


SB0 


22.0 


14.06 


0.261 





0.0055 





<0.08 


NGC 4550 


S 


SB0 


11.6 


15.49 


0.258 


0.0084 


0.0036 


6 


0.14 


NGC 4552 


S 


E0-1 


33.9 


15.85 


0.271 





0.0041 





<0.16 


NGC 4564 


F 


E 


19.3 


15.85 


0.268 





0.0014 





<0.20 


NGC 4570 


F 


SO 


12.8 


17.06 


0.261 





0.0008 





<0.24 


NGC 4621 


F 


E5 


46.0 


14.93 


0.261 





0.0004 





<0.15 


NGC 4660 


F 


E 


11.5 


15.00 


0.261 





0.0002 





<0.17 


NGC 5198 


S 


El-2 


18.0 


38.37 


0.264 





0.0028 





<0.61 


NGC 5308 


F 


SO 


9.9 


29.43 


0.268 





0.0032 





<0.55 


NGC 5813 


S 


El-2 


55.9 


32.21 


0.264 





0.0202 





<0.43 


NGC 5831 


s 


E3 


29.2 


27.16 


0.264 





0.0005 





<0.62 


NGC 5838 


F 


SO 


20.6 


24.66 


0.271 


0.0819 


0.0350 


6 


<0.38 


NGC 5845 


F 


E 


4.3 


25.94 


0.274 


0.0062 


0.0027 


<3 


<0.28 


NGC 5846 


S 


E0-1 


76.8 


24.89 


0.268 





0.0624 





<0.52 


NGC 5982 


s 


E3 


24.9 


51.76 


0.271 





0.0152 





<0.57 


NGC 7332 


F 


SO 


9.2 


23.01 


0.268 





0.0022 





<2.61 


NGC 7457 


F 


SO 


33.2 


13.24 


0.264 





0.0016 





<0.11 



Rotator class is as derived in Paper IX. Hubble type is taken from NED. Distances and effective radii are taken from Falcon- 
Barroso et al. (in prep). SFRs are measured here, with upper limits indicated by SFR = and the upper limit given in the error 
(rfSFR) column. The spatial extent of the star formation acti vity Rsf and the ratio of the 8.0/xm to 3.6/xm stellar emission 
X3.6 a re derived in the text . Molecular gas masses are from Schinnerer & Scoville 12002), Combes et al. 12007), You ng et"aT] 
J2008l) .lcrocker et al. 12008), and Crocker et al. (in prep) and are adjusted to the distances assumed here. 



in which all five of the star-forming systems identified here that 
are included in that sample (NGC 2974, NGC 3032, NGC 4150, 
NGC 4459, NGC 4526) display blue UV - V colors consistent 
with star formation at the same radii at which they exhibit non- 
stellar 8.0/im emission dJeong et alj2007l : Paper XIII). 

Observations of the interstellar media of these eight systems 
are also consistent with the presence of low-level star formation. In 



Paper V, ionized gas was detected in all of these systems, and some 
also display the low [OlII]/H/3 ratios that are associated with on- 
going star formation. Furthermore, the Hj 3 emission can b e used 
to estimate the star formation rate via the lKennic utt (1998) SFR- 
Ha relation (Paper V). These estimates are compared to the PAH- 
derived SFRs in Figure [4] and are lower limits, since the extinc- 
tion that likely accompanies star formation in these regions can- 
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not be q uantified with on ly the narrow SAURON spectral range 
(Paper V; lTemi et al.l F2009). Indeed, the few direc t literature mea- 
surements of Hq-derived SFRs for these systems ( Gallag her et al.l 
1984; Young et alj|l99q) are systematically higher than the H/3 
estima tes and more co nsistent with the PAH-derived SFRs (Fig- 
ure EJ.^mTerZI J2009h have also measured 24/mi-derived SFRs 
for these eight galaxies. In the six galaxies with centrally-located 
and concentrated star-forming regions (excluding NGC 2685 and 
NGC 2974), the 24/im-derived SFRs are broadly consistent with, 
though slightly lower than, the PAH-derived SFRs (Figure|4j. 

Furthermore, the molecular content of the SA URON sample 
has b een studied with single-dish CO observations (Com bes et al.l 
l2007h . and six of the eight of the systems identified in the Spitzer 
data as hosting star formation are also detected in CO emis- 
sion (Table |2). The two remaining ga laxies are NGC 268 5 and 
NGC 2974, in which the CO beam of ICombes etail d2007» only 
marginally overlaps the regions of star formation at high radii; 
the former has been detecte d with observations at larger radii by 
ISchinnerer & Scovilldl2002h . Follow-up CO interferometry has re- 
vealed m olecular disk-like s tructures in several of the star-forming 
galaxies dYoung et alj|2008h . whose spatial extents and morpholo- 
gies are excellent ma tches to the structures seen in PAH emission. 
ICombes et all (2007) also compared their observed molecular gas 
masses to IRAS FIR fluxes and estimated SFRs. As a further test of 
the star formation origin of our observed PAH emission, we com- 
pare these FIR-derived SFRs to our PAH-derived SFRs in Figure [4] 
and find excellent agreement. This result is reassuring, if unsur- 
prising, given that the PAH-derived SFRs are calibrated against the 
SFR-FIR relation (J33). 

Finally, the atomic content of the interstellar media in the 
SAURON ga laxies has also been observed for a subse t of the 
full sample dMorganti et alj 120061 ; IWeiimans et alj 120081) . In the 
three star-forming galaxies in this subset (NGC 2685, NGC 2974, 
NGC 4150), HI is detect ed in the same regions as the PAH emission 
(and beyond). However. iMorganti et alj ( 120061) also find significant 
HI reservoirs in early-type systems without star formation, so the 
link between this component of the ISM and star formation activity 
is, as with spiral and dwarf galaxies, less obvious. 

4.1.2 Suggestive Signatures of Star Formation 

In addition to the 8 galaxies with significant multi-wavelength ev- 
idence for on-going star formation, there are 5 (of 48) additional 
galaxies whose 8.0/im non-stellar emission is suggestive of star for- 
mation but whose SAURON and auxiliary data render these cases 
inconclusive. These systems (NGC 524, NGC 4477, NGC 4550, 
NGC 5838, NGC 5845) are shown in the right column of Figure^; 
as with the eight star-forming galaxies, these systems show promi- 
nent 8.0/im structures. Likewise, in four of these five galaxies, the 
radial profiles reveal clear differences in the spatial distributions of 
the old stars (as traced by 3.6/im) and the 8.0/im emission, which 
must therefore have a contribution not traceable to evolved stars. In 
these four systems, we can therefore measure iisF; in the remain- 
ing galaxy, we obtain only an upper limit. 

The regular morphologies of the 8.0/mi non-stellar emission 
in these galaxies suggest an analogy to some of the star-forming 
galaxies in Figure [3};; however, the SFRs measured in these five 
systems are several times lower. This difference may explain why 
the signatures of star formation in these systems are less appar- 
ent in the SAURON data. In four of these five systems, the Hf3 
line strengths are very low (Figure [4]l and so do not obviously 
point to a young stellar population (Paper VI). Likewise, the UV 



broad-band emission reveals bluer UV — V colors in the 8.0/im- 
emitting regions in only the galaxy with slightly higher H/3 absorp- 
tion (NGC 4550; Paper XIII). 

The interstellar media of these systems similarly contribute to 
this complex picture. Although all five galaxies contain ionized gas, 
much of it is barely detected, and the [OlII]/H/3 emission-line ra- 
tios, where measurable, are neither low enough to be consistent 
with excitation only from star formation nor high enough to be 
consistent with other excitation mechanisms (Paper V). Neverthe- 
less, the kinematics of the ionized gas are regular and are consistent 
with rotating disks, a picture that is also supported by prominent, 
dust disks visible in unsharp-masked H STfWFPC2 1^-band im- 
ages (Paper V). In three of these systems (NGC 524, NGC 4477, 
NGC 4550), sensitive CO interfer ometry has identified molecular 
gas disks coincident with the dust dCrocker et al1l2009l ; Crocker et 
al. in prep), while the remaining two (NG C 5838, NGC 5845) were 
undetected with single-dish observations ( ICombes et al . 2007). De- 
spite this absence, the FIR emission measured by dCombes et alj 
2007) in all five systems produc es SFR est i mates broadly consis- 
tent with those from the PAHs. iTemi et al] d2009l) have observed 
two of these five galaxies (NGC 4477, NGC 5845) in 24/tm emis- 
sion and do not detect star formation; however, the PAH-derived 
SFRs of these two galaxies are the lowest in our sample by nearly 
an order of magnitude (Table |2j NGC 4550 has a similar SFR but 
was not observed by ITemi et alj 2009). suggesting that they may 
have escaped detection at 24/mi. 

It is consequently difficult to assess whether the 8.0/im non- 
stellar emission in these systems represents on-going star forma- 
tion. The analogy to some of the galaxies with evident star forma- 
tion is highly suggestive, but the multi-wavelength data of these 
systems are somewhat contradictory and do not converge on this 
picture. On the one hand, the 8.0/im non-stellar emission in these 
systems may not be tracing star formation. On the other hand, how- 
ever, it may be that the very small amounts of star formation mea- 
sured in 8.0/im are not visible in other tracers, due to its low level 
and to the much more massive underlying old stellar populations. 

4.1.3 Other Sources of8.0p,m Emission 

In contrast to the two classes of galaxies discussed above, in which 
all or some of the evidence points to on-going or recently ceased 
star formation, there are 12 (of 48) additional systems in which 
8.0/im emission is observed but cannot be easily linked to star for- 
mation activity. These galaxies are shown in Figure[3^. 

In one of these systems, NGC 4486 (M87), the 8.0/im fea- 
tures are coincident with the well-known radio jet, seen promi- 
nently and ubiquitously in ultraviolet, optical, and infrared imag- 
ing, and is th us almost certainly synchrotron emission (see also 
|Perlmanetal]|2007l) . Another, NGC 4374 (M84), is also a well- 
known radio galaxy, although in this case the 8.0/im emission is 
aligned with the dust filaments seen in the optical that are perpen- 
dicular to the radio jet. In at least these two cases, the 8.0/im non- 
stellar emission can be attributed to nuclear activity rather than to 
star formation. 

In six systems (NGC 2768, NGC 3377, NGC 3414, 
NGC 4262, NGC 4278, NGC 4546), the 8.0/jm non-stellar emis- 
sion isj3atehy J _F^eofthese galaxies have no detected molecular 
gas [Comb esetai]|2007l ; Crocker et al. in pr ep), and the one sys- 
tem with detected CO emission (NGC 2768, ICrocker et al]|2008l) 
reveals little spatial overlap between this gas and the 8.0/im emis- 
sion. Likewise, the stellar populations of these galaxies show no 
evidence of recent star formation and range from fairly to very 
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Figure 3. (a) Radial profiles of ratio of 8.0^im and 3.6/xm fluxes and images of the 8.0/^m non-stellar emission (inset) for a subset of the sample galaxies: 
clearly star-forming galaxies (first and second columns from left) and possibly star-forming galaxies (third column). The presence of star formation in each 
galaxy is indicated in its panel, along with the physical mechanism likely responsible for the 8.0/im non-stellar emission (see text in |j4]and i(5). Horizontal lines 
indica te the flux ratio expected of a purely stellar profile, X3.6, for each galaxy (see text). Profiles were measured using the method of Mufioz-Mateo s et al] 
12009) in which the growth curve of the 3.6/mi and 8.0/im images were constructed, the proper extended aperture correction was applied at each radius, 
and the flux at a given radius was computed by subtracting the flux of the adjacent inner aperture. Note that extended linear structures in these images (e.g. 
NGC 5838) are artifacts caused by high fluxes in galaxy centers (see Figure[TT]for more details). 
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Figure^ (b) Same as (a), for non-star-forming galaxies with 8.0/im non-stellar emission. 



100 



evolved (8—12 Gyr; Kuntschner et al. in prep). As a group, there- 
fore, these six 8.0/im emitters are unlikely to host star formation 
activity. 

The 8.0/^m emission in these galaxies does correlate loosely 
with optically observed asymmetric dust lanes seen in all of these 
galaxies in Paper V and therefore may be highlighting the dens- 
est regions of these structures. The IRS spectra for these systems, 
where available, reveal strong neutral PAH features at 11,3/Mri and 
only marginally detected ionized PAH 7.7/^m emission, the latter of 
which is the primary PAH feature associated with star formation. 
The dominance of neutral PAHs has been observed in a number 
of early-type galaxies and attributed to softer interstellar radiation 
fields, as would be expected of older s tellar popula tions in the ab- 
sence of AGN (e.g. lKaneda etaH -2008. but see also lBregman et al.l 
l2008h . 

Paper XVI discusses the ionizing mechanisms in the SAURON 
galaxies in detail and, for these quiescent galaxies with 8.0/im non- 



stellar emission, compares the spatial distribution of this emission 
to the ionization of the galaxies, as parametrized by [OlII]/H/3. 
In fact, the spatial coincidence between these two features is re- 
markable, in that regions of relatively lower [OlII]/H/3 are the re- 
gions where 8.0/xm non-stellar emission is detected (see Figure[TTY 
Within the hard radiation fields (seen as high [OlII]/H/3) in these 
galaxies, there are embedded regions of softer radiation fields, in 
which lower [OlII]/H/3 and 8.0/im non-stellar emission is mea- 
sured. The lower ionization in these regions may be due to the 
denser ISM found in these amorphous dust lanes, which absorbs 
some of the ionizing photons, partially shielding the gas from the 
hard ionization field. In this manner, PAH molecules could survive 
in these dusty regions and produce the observed emission. This 
mechanism may likewise shield the very small g rains that produc e 



24fim emission, as detected in these galaxies bv lTemi 



s that produce 
i et alj ( l2009h . 



For details, we refer the reader to Paper XVI and do not further 
discuss this class of non-SF galaxies here. 
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Figure 4. SFRs derived from PAH emission for the star-forming galaxies in our sample compared with other age and star formation indicators: H/3 absorption 
line strength, as measured from the SAURON data over an effective radius (top left); SF Rs derived from Ha emission, as estimated from the SAURON H/3 
emission and assuming no extinction (top right); SFRs derived from 24fim emission bv lTemi et all 120091) for 6/13 of our star-forming galaxies (bottom left); 
and SF Rs derived from FIR emission, estimated from the 60/^m and lOO^rn IRAS fluxes collected from the NASA Extragalactic Database by Comb eset alj 
12007) for 12/13 of our star-forming galaxies (bottom right). Galaxies with clear signs of star formation are indicated with filled circles, while those with 
suggestive signs of star formation are ind icated with open circles (see text for details). For three of our galaxies, direct Ha obs ervations have be en obtained 
iGallagh eret al.ll984tlYoung et al.1199^) ; those measurements, adjusted to the distances and SFR-Ha conversion assumed here (Kennicutt 1998), are plotted 
in the top right panel with squares. In all panels, SFR is given in Mq yr — 1 . 



In addition to the eight galaxies discussed above, four more 
have weak 8.0/mi non-stellar emission detections. The IRAC im- 
ages show the emission in these systems to be relatively weak, sug- 
gesting that perhaps this emission is associated with trace excita- 
tion of PAHs by B stars in these galaxies (NGC 3384, NGC 4382, 
NGC 7332, NGC 7457), which all have younger stellar popula- 
tions. 



4.2 Efficiency of Star Formation 

For the 13 galaxies identified in i]4.1.1| and $4. 1.21 that are 
probably or potentially hosting star formation, we compare our 
measured SFRs to the mo le cular gas ma s s mea s urements of 
ISchinnerer & Scovillel d2002h . ICombes et all J2007T) . lYoung et al.1 
J2008h . ICrocker et al.1 ( 120081) and Crocker et al. (in prep) in or- 



der to probe the efficiency of star formation in the SAURON early- 
type galaxies. Our SFRs are measured over the star-forming re- 
gions, and we assume that all of the (mostly single-dish) CO emis- 
sion originates in the same regions, as has been explicitly demon- 
str ated for a subset of these galaxies with follow-up interferometry 
by I Young et all d2008l) . Denning o ur apertures in thi s way, we can 
directly compare with the results of lKennicuttl dl998h . in which the 
aperture size is determined by the extent of the Ha disk (for normal 
spiral galaxies) or of the central molecular disk (for starbursts). Our 
comparison to these data is s hown in Figure[5] fo r reference, the re- 
sults of more recent work bv lBigiel et alj d2008l) are also shown. 

An earlier ver sion of this plot has been presented by 
ICombes et al. (2007), who compared their single-dish CO observa- 
tions with the IRAS FIR luminosities discussed in i]4.1| However, 
their single-dish data and the large IRAS beam did not allow them 
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Figure 5. Schmidt-Kennicutt re lation between ga s and star formation densi- 
ties (solid line), with data from Kennicutt 1 1998) overplotted (open circles 
for spiral galaxies, filled circl es fo r circumnuc l ear sta rbursts). The recent 
analysis of Bigiel et al. 12008) and lLerov et alj (2008) with higher resolu- 
tion data reveal a linear relation between these quantities (dashed line) in 
the spiral galaxy regime, although they note that a steepening of the rela- 
tion probably occurs at higher molecular gas densities. The star formation 
rates for early-type galaxies measured in this work are combined with exist- 
ing CO measurements and overplotted with stars, colored according to the 
mode of star formation as described in i]5.2l (error bars on SFRs are smaller 
than the symbols). Only 12 of the 13 star-forming galaxies are shown here, 
since the outer regions of NGC 2974, in the vicinity of the star formation 
activity, have not been observed in CO emission. 



to constrain the size of the star-forming regions and to normalize 
their SFRs and H2 luminosities to this aperture. As a result, their 
star formation and gas surface densities were artificially lowered 
by their much larger aperture sizes (-R25 ), which are reveale d in the 
Spitzer data (and CO interferometry, e.g. I Young et al. 2008) to only 
contain star formation activity in smaller, central regions. 

Integrating over only the star-forming region, we find that 
early-type galaxies mainly inhabit the same regions of the plot as 
typical star-forming spiral galaxies (Figure O. Interestingly, how- 
ever, several of the galaxies fall closer to the circumnuclear star- 
burst regime on these diagrams (filled circles), with gas surface 
densities approaching and exceeding 100 Mq/pc 2 (preferentially 
magenta). This implies that, whenever even trace amounts of star 
formation are present, the same physical processes that govern the 
rate and efficiency of star formation in late-type galaxies and star- 
bursts are also at work in early- type galaxies. 



5 MODES OF STAR FORMATION IN EARLY-TYPE 
GALAXIES 

In the following sections, we compare the properties of the 13 
galaxies in the SAURON survey that show signs of star formation in 
the infrared to those of the sample as a whole. Since the SAURON 



sample is representative of local elliptical and lenticular galaxies, 
this provides insight into how star formation is connected to the 
structure and evolution of early-type galaxies. From the compar- 
isons in this section, two distinct modes of star formation in these 
galaxies emerge, and the properties of galaxies in these classes are 
observed to sample those of the early-type population in indepen- 
dent ways. 

5.1 Broadband Properties 

By definition, the SAURON galaxies are drawn from a sample of lo- 
cal red sequence galaxies, whose very tight adherence to the optical 
red sequence is demonstrated by Falcon-Barroso et al. (in prep). For 
this reason, it is intriguing to find on-going or recent star formation 
in a number of these "red and dead" systems. 

However, the V — K colors used to define the optical red se- 
quence are relatively insensitive to low mass fraction young stellar 
populations and can be strongly affected by dust. We therefore con- 
struct an infrared color-magnitude diagram (CMD), which has the 
advantage of being directly sensitive to star formation (Figure [6} . 
In this CMD, star-forming galaxies have large 8.0^im fluxes and are 
therefore redder, although for clarity and comparison with optical 
CMDs, we reverse the color index such that redder objects (with 
higher SFR) are lower in the diagram. 

To examine the extent to which our star-forming galaxies dif- 
fer from quiescent systems in the infrared color-magnitude space, 
we compare the SAURON data to that from the SINGS galaxy sam- 
ple dKennicutt et alj2003l ; |Pale et alj2 005). in which galaxies with 
a wide range of properties were observed with Spitzer. From this 
comparison (Figure[6), it is evident that the star-forming SAURON 
galaxies have infrared colors spanning the full range observed in 
star-forming spiral galaxies, although the majority have colors in- 
termediate between star-forming and quiescent galaxies. In the in- 
frared CMD, the SAURON red sequence star-forming galaxies are 
thus readily distinguished f rom quiescent early-type systems (see 
also the UV CMD results of lYi et alj200l ; lKavirai et alj2007l) . 

It is therefore instructive to study more fundamental proper- 
ties of these star-forming galaxies than can be probed in a broad- 
band CMD. In Figure [7] we plot the SAURON galaxies in the 
SFR-M, parameter space, a more physical analog to the color- 
magnitude diagram. To accomplish this, we first estimate the stellar 
mass of the SAURON galaxies using the "observed virial" masses 
Mvi r = 5R e cr 2 /G, where a £ is the luminosity-wei ghted second 
velocity moment within 1 R e (Cappe llari et al . 2006, hereafter Pa- 
per IV; Paper IX). The factor 5 scales the dynamical mass within 
one effective radius to the total baryonic mass of the galaxy; Pa- 
per IV shows that this mass estimator contains an average dark 
matter contribution of ~ 30%, although this percentage varies 
at the low and high mass extremes of the sample and depends 
strongly on the mass fraction of young stars in a galaxy (through 
the stellar population mass-to-light ratio). We therefore approxi- 
mate M* ps 0.7 M V i r , with the caveat that the stellar masses of in- 
dividual galaxies may deviate from this estimate, and we plot these 
masses against the SFR measurements derived here (Table|2j. 

These results are compared to simulated g alaxies gen- 
erated by the Munich semi -analytic models JCroton et al.1 
|2006|; De Lucia & Blaizotl l2007l) for the Millennium simulation 
dSpringel et alj|2005l) . For inclusion on this diagram, all simulated 
galaxies with no star formation are shifted to SFR= 10" 3 M yr" 1 , 
with an imposed scatter of 0.2 dex. This reveals both a "red" se- 
quence of zero star formation (left) and a "blue" sequence of the 
well-known SFR-M* relation for star-forming galaxies (right). Ad- 
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Figure 6. Infrared color-magnitude diagram for the SAURON galaxies, mea- 
sured over apertures of one effective radius. Galaxies are indicated with 
points colored by their SSP ages (in Gyr; Kuntschner et al. in prep), such 
that younger stellar populations are blue. Galaxies with on-going star for- 
mation are indicated with stars. In the infrared bands, these systems are 
redder, since they appear more prominently in the redder 8.0pm (PAH) 
emission. In the optical bands, which probe stellar photospheric emission, 
star-forming populations are typically bluer. For straightforward compari- 
son to optical CMDs, in which the (bluer) star-forming galaxies are lower on 
the vertical axis, the color index here is defined such that the (redder) star- 
forming galaxies are also lower on the vertical axis. For reference, the R25 
colors and magnitudes of the SINGS galaxy sample are overplotted (E/SO: 
diamond, Sa-Sd: square, Sm-Im: triangle), although their slightly larger 
aperture R25 increases their luminosities (and thus decreases their magni- 
tudes, moving them to the right) relative to the SAURON sample (photome- 
try measured over R e ). An Mg — M3.6 color of zero is indicated with the 
dashed line; the magnitudes quoted here are Vega magnitudes (zero-points 
given by the SSC), so this line corresponds roughly to the color of a purely 
stellar spectrum. 



ditionally, the simulated broadband galaxy luminosities estimated 
in these models (including dust extinction) enable the SAURON se- 
lection criterion of B-band absolute magnitude ^ —18 to be ro- 
bustly identified in this parameter space (black line indicates the 
mass above which 90% of galaxies with a given SFR fulfill this 
criterion). 

Figure [7j confirms the impression from the infrared CMD that 
nearly all of the SAURON star-forming galaxies fall in the "transi- 
tion" region between actively star-forming and quiescent galaxies. 
The only exception to this may be NGC 3032, which lies on the 
cusp of the SFR-M, relation and thus is consistent with a still ac- 
tively star-forming galaxy. Before proceeding further, it is impor- 
tant to reiterate that the SAURON star-forming galaxies are detected 
as such in Figures [6] and UJ only due to the sensitivity of these pa- 
rameter spaces to low-level star formation. All of these systems are 
traditional early-type galaxies, with red optical colors and bulge- 
dominated morphologies, which nevertheless do form stars at sig- 
nificant rates. 



5.2 The Dynamics of Star Formation 

With the SAURON data, it is possible to delve more deeply into the 
properties of early-type galaxies than can be accomplished with 



broadband data alone. Of particular interest are the stellar and gas 
kinematics associated with star formation in early-type galaxies. 

Most apparent in the SAURON kinematic data is that all star- 
forming galaxies are so-called "fast rotators," with relatively high 
specific angular momenta (Ah>0.1). The top left panel of Figure[8] 
illustrates that some of the star-forming galaxies are even among 
the most rapidly rotating galaxies in the sample. There is a single 
exception to this, NGC 4550. This galaxy is a pathological "slow 
rotator," in that it is composed of two rapidly counter-rotating disks 
(see stellar velocity maps in Figure QT), whose angular momenta 
largely cancel each other; however, in terms of general properties, 
it belongs in the fast rotator family (Paper IX; Paper X). 

In Paper XII, fast rotators were shown to universally be com- 
posed of a large bulge and one or more stellar disks of varying 
thickness and spatial extent. Since, in many cases, these stellar 
disks rotate more rapidly and display different age and metallic- 
ity properties than their host galaxies (i.e. the bulges that dominate 
early-type systems), these structures may be connected to the more 
rapidly rotating gaseous component via recent star formation. In 
the top right panel of Figure [8] we compare the spatial extent of 
star formation detected here with the spatial extent of kinematically 
distinct structures (counter-rotating cores, embedded stellar disks, 
etc), if present, as measured in Paper XII. 

It is apparent that in some cases (magenta stars), the kinemat- 
ically distinct structure (or multiple component, MC) is directly re- 
lated to the on-going star formation activity. In these galaxies, the 
MCs are embedded stellar disks whose kinematic position angle is 
identical to that of the main galaxy body and of the gas (bottom 
panels in Figure[8}. These disks are also quite thin, as seen directly 
in edge-on systems (e.g. NGC 4526) or in optical images of the 
corresponding dust disks (e.g. NGC 4459). The star formation mor- 
phologies in these galaxies are highly regular; all star formation is 
confined to a disk morphology that is spatially coincident with the 
ionized gas and dust disks, with variations in stellar populations, 
and with embedded stellar disks if present. 

However, there are also star-forming galaxies in the sample 
with MCs whose extents are not obviously linked to the star forma- 
tion activity (green stars in Figure [8). This disconnect is also ap- 
parent in the kinematic alignments in these galaxies; roughly half 
of these systems (3/5) contain counter-rotating stars, gas, or both. 
In many of these galaxies, the morphology of the star-forming re- 
gion is markedly irregular (Figure |3) and extends at low levels to 
large radii, in keeping with the ubiquity of ionized gas, with the 
universally young stellar populations ( i]5.3t , and with the lack of 
distinct stellar kinematic features associated with the (widespread) 
star formation. 

We can therefore divide the star-forming galaxies into two 
distinct classes using the top right panel of Figure [8j we refer to 
those galaxies with signs of star formation out to large radii (green 
stars) as "widespread" star-forming galaxies and those galaxies in 
which the star formation is confined to a central disk morphology 
(magenta stars) as "circumnuclear" star-forming galaxies, in anal- 
ogy to the two m odes of star formation seen in late-type galaxies 
(Kennicutt 1998). Four additional star-forming galaxies are not in- 
cluded in this panel due to their lack of distinct kinematic structures 
in the SAURON data. The first, NGC 3156, shows PAH and ion- 
ized gas emission with slightly irregular morphologies out to large 
radii, has no kinematic structure associated with the star forma- 
tion event, and contains universally young stellar populations. In all 
properties, this galaxy is therefore consistent with belonging to the 
widespread star-forming class (green), and we consider it a mem- 
ber of this group. The remaining three galaxies do not fit neatly into 
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Figure 7. Relation of SFR and M„ for the Millennium Simulation at z = (grey dots) and the SAURON early-type galaxies (large, colored circles). The 
SAURON galaxies are colored by their SSP age (in Gyr, measured over R e ), such that young stellar populations are blue, while older stellar populations are 
red. Those systems with clear evidence of star formation in the Spitzer images are indicated with stars; error bars are ~1— 2 times the size of the symbols 
and are omitted for clarity. The Mb $5—18 selection criterion for the SAURON sample is evaluated in this parameter space using the simulated galaxies and 
plotted here with the black line. 



either category. Two of these three (NGC 2685, NGC 2974) con- 
tain large-scale rings of star formation and the third (NGC 4477) 
is highly disturbed by a strong bar. It is therefore not immediately 
obvious how these three galaxies (shown with blue outlines in Fig- 
ure [8j inner color determined from discussion in S]5.5b fit into the 
simple two-class division given above. 

In the remainder of this section, we compare the properties of 
the five widespread star-forming galaxies (NGC 3032, NGC 3156, 
NGC 3489, NGC 4150, NGC 4550) to those of the five circum- 
nuclear star-forming galaxies (NGC 524, NGC 4459, NGC 4526, 
NGC 5838, NGC 5845) in our sample and find these two classes to 
be fundamentally distinct, in more than the morphology and kine- 
matics of their star formation events. We then describe the proper- 
ties of the "outliers" (NGC 2685, NGC 2974, NGC 4477) and find 
each of these galaxies to be consistent with one of the two modes 
of star formation, when a more nuanced approach is taken. 

It is worth noting, before moving on, that there is one deep 
similarity between all of the star-forming galaxies, namely that the 
star formation is occurring in a thin disk or ring morphology. This 
is directly apparent in the one widespread star-forming galaxy with 



a dynamically relaxed interstellar medium (NGC 3032), in the cir- 
cumnuclear star-forming galaxies (all of which contain thin dust 
disks), and in the two galaxies with star-forming rings. In the re- 
mainder of the widespread star-forming galaxies and in the third 
"outlier" galaxy (NGC 4477), the presence of a thin disk is implied 
by the rapid rotation velocities in the stars and by the low velocity 
dispersions in the ionized gas. Similar results have been found for 
star formation in the bulges of Sa galaxies in lPeletier et al.l J2007l 
Paper XI). Together, this evidence suggests that a thin disk/ring 
morphology may be the most common mode of star formation in 
early-type galaxies and bulges. 

5.3 Widespread Star-Forming Fast Rotators 

In Figure [7] the widespread star-forming galaxies (NGC 3032, 
NGC 3156, NGC 3489, NGC 4150, NGC 4550) are seen to be 
those star-forming early-type galaxies with lower stellar masses. 
Given the comparable molecular content of all star-forming galax- 
ies in our sample (see Tabled, the widespread star-forming galax- 
ies are consequently also characterized by higher gas fractions and 
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Figure 8. Top left: Comparison of (projected) specific angular momentum (Paper IX) with SFR in the SAURON galaxies. Bottom left: Comparison of position 
angle offset between the gas and stellar kinematic major axes (Paper V) with SFR, including the 12/13 star-forming galaxies with sufficient ionized gas to 
make this measurement. The sizes of the points correspond to the estimated masses of ionized gas in the galaxies (see Paper V). Top right: Comparison of 
the radial extent of distinct kinematic components -Rmc (Paper XII) with radius of star formation activity i?sp for the star-forming galaxies with distinct 
kinematic substructures (see text). Bottom right: Comparison of position angle offset between stellar kinematic components for galaxies with more than 
one component (from Paper XII). The sizes of the points indicate the sizes of the MCs (in kpc). In the latter two plots, the counter-rotating stellar disk in 
NGC 4550, which Paper XII notes is not detected in kinemetric analysis, is included, as is the marginally detected co-rotating MC in NGC 524. In galaxies 
with two MCs (= three kinematic components), the outer MC is indicated with an open symbol. In all plots, systems with star formation are indicated with 
colored symbols (green: widespread star-forming, magenta: circumnuclear star-forming, blue outline: outliers), with the specific locations of some galaxies 
noted (see text for discussion). Error bars on the SFRs of these galaxies are 1—2 times the sizes of the symbols. 



specific star formation rates. As a result, the current star formation 
event dominates the single stellar population (SSP) ages, which 
are measured to be young throughout these systems (<1— 3 Gyr; 
Kuntschner et al. in prep). This is consistent with the location of the 
widespread star-forming galaxies in Figure [5j these systems have 
molecular gas and star formation surface densities similar to those 
found in late-type galaxies undergoing global star formation. That 
the star formation event is widespread is also apparent in its mor- 
phology and in the absence of stellar kinematic structures with spa- 
tial extents related to those of the star formation (by definition; see 
S|5.2| (. Nevertheless, distinct stellar and gas kinematic structures do 
exist in these systems; galaxies in this class are evenly split between 
objects with counter-rotating stars, gas, or both (3/5) and those with 
purely co-rotating stellar and gaseous components (2/5). 

Within this class, interesting trends in galaxy properties with 
SFR are found. In particular, galaxies with higher SFRs (e.g. 



NGC 3032; SFR = 0.4 M Q yr _1 ) have, unsurprisingly, more 
prominent signs of on-going star formation, including younger 
SSP ages, higher molecular gas masses, and lower [OlII]/H/3 ion- 
ized gas emission line ratios. Those widespread star-forming sys- 
tems with lower SFRs (e.g. NGC 3156, NGC 3489, NGC 4150; 
SFR = 0.03-0.06 M yr" 1 ) have SSP ages older by ~l-2 Gyr, 
an order of magnitude less molecular gas, and high [OlII]/H/3 ratios 
that are inconsistent with significant on-going star formation (Pa- 
per XVI). Lower SFRs in a widespread star-forming galaxy also 
correlates with an increasingly irregular star formation and gas dis- 
tribution, from a regular, disk-like morphology (NGC 3032) to dis- 
turbed ionized and molecular gas distributions (NGC 3489; Fig- 
ure QT] and Crocker et al. in prep) to hig hly asymmet ric molecu- 
lar gas distributions (NGC 4550; ICrocker et al.|[200gb . These in- 
creasingly irregular morphologies additionally correspond to more 
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centralized star formation at lower SFR (compare NGC 3032, 
NGC 3156, and NGC 4550 in Figure^). 

In the absence of a replenishing gas reservoir, widespread star- 
forming galaxies will experience declining SFRs, causing them to 
move to the left in Figure |7J the system with the most intense star 
formation (NGC 3032) will therefore be expected to eventually 
move towards the other widespread star-forming galaxies. Like- 
wise, there is evidence that the widespread star-forming galaxies 
with lower SFRs previously had more intense star formation events 
that extended to larger radii, implying earlier positions to the right 
of their current location in Figure [7] In particular, the young SSP 
ages (1-3 Gyr in NGC 3156, NGC 3489, NGC 4150; ~6 Gyr 
in NGC 4550; Kuntschner et al. in prep) found throughout these 
galaxies, beyond the star-forming regions observed in PAH emis- 
sion, indicate that star formation activity occurred out to larger radii 
in the past than in the present. Only in the galaxies' centers do the 
final traces of significant star formation, along with the youngest 
stellar populations, remain. 

With this evidence for the movement of widespread star- 
forming galaxies towards lower SFR with time (to the left in Fig- 
ure[7}, along with the trends in galaxy properties with SFR, we can 
associate star formation events with the global production of young 
stars in rapidly rotating kinematic structures (Figures [8l and [TTTl. 
Additionally, star formation in this class appears to cease in an 
"outside-in" manner that is coincident with a consumption, dis- 
ruption, and/or heating of the molecular reservoir. It is interesting 
to note, however, that throughout this process, the last vestiges of 
star formation are still proceeding according to established SFR-H2 
scaling relations (Figure[5j. 

In SjfTTJbelow, we analyze the mechanisms that may be respon- 
sible for creating the widespread star-forming galaxies described 
here and for governing the cessation of their star formation. 

5.4 Circumnuclear Star-Forming Fast Rotators 

The circumnuclear star-forming galaxies (NGC 524, NGC 4459, 
NGC 4526, NGC 5838, NGC 5845) appear to represent a com- 
pletely different physical state than the widespread star-forming 
systems described above. In Figure|7] these galaxies are seen to be 
those star-forming systems with higher masses and therefore lower 
molecular gas fractions and specific star formation rates. Conse- 
quently, the current star formation events do not dominate the SSP 
ages, all of which are measured to be intermediate to old in the 
regions of star formation. Unlike in the widespread star-forming 
galaxies, these regions of star formation are spatially very dis- 
tinct, with all of the star formation, younger SSP ages, ionized gas, 
molecular gas, dust, and stellar kinematic structures being spatially 
coincident in well-defined central disks (see the definition of this 
class in t]5.2t . Within these disks, the surface densities of star for- 
mation and molecular gas approach those seen in circumnuclear 
starbursts in late-type systems (Figure [5}- Additionally, the stellar 
and gas kinematic structures universally co-rotate with one another 
and with the old stellar populations in the quiescent regions of the 
host galaxies. 

Unlike in widespread star-forming galaxies, none of the galax- 
ies in this class have migrated all the way to the SFR-M, relation 
(Figure[7J, likely because the star formation only occupies a small 
region of the galaxy. Within these circumnuclear star-forming sys- 
tems, a range of properties is seen. In some systems (NGC 4459, 
NGC 4526), all star formation indicators (PAHs, CO, [OlII]/H/3, 
UV, low ionized gas velocity dispersion), where available, paint a 
consistent picture of on-going star formation in the region of the 



central disk. In contrast, the presence of on-going star formation in 
other circumnuclear star-forming galaxies (NGC 524, NGC 5838, 
NGC 5845) is more tenuous. These galaxies have more tentative 
PAH detections ( i]4.1.2t and only marginally detected younger SSP 
ages and metallicity gradients. Nevertheless, the PAH emission re- 
mains spatially coincident with thin, regular dust disks (Paper V) 
and with embedded stellar kinematic structures (Figure [8). These 
systems may have reached the end of their star formation epochs, 
since only one (NGC 524; Crocker et al. in prep) is detected in 
CO and the other tracers of star formation (PAH, [OlII]/H/3) can 
be affected by a B star population that has not yet died. Never- 
theless, as in widespread star-forming galaxies, even systems with 
trace amounts of molecular gas and PAH emission form their stars 
according to SFR-H2 scaling relations (Figure[5]l. 

In the following ( i]6.2t , we speculate on the origins of gas re- 
sponsible for this spatially distinct star formation event and on the 
mechanisms that spatially confine it into disks/rings. 

5.5 Outliers 

While the two classes described above neatly bring together two 
groups of early-type galaxies that have a large number of similar 
properties, several "outlier" galaxies in our sample (NGC 2685, 
NGC 2974, NGC 4477) resist such straightforward classification. 
Here, we discuss the characteristics of each of these unique systems 
in turn and relate them to the two main modes of star formation. 

NGC 2685 is a prototypical polar ring galaxy, as is evident in 
a comparison of the morphology of the star-forming ring to the po- 
sition angle of the galaxy and the stell ar kinematics (Fi gurefTTl see 
the molecular and ato mic gas maps of Schinnerer & Scoville 2002; 
Morg anti et al.1120061 ; but see also ljozsa et alj2009l) . This rare con- 
figuration is often attributed to the accretion of gas or a gas-rich 
satellite at a very specific orientation (see M6.lt . but the relevant as- 
pect for this discussion is that the resulting dynamics of the gas are 
unassociated with those of the stars, as in widespread star-forming 
galaxies. Moreover, NGC 2685 also resembles this class of star- 
forming galaxies in that it contains ubiquitous younger stellar pop- 
ulations (SSP age of 6 Gyr; Kuntschner et al. in prep) and ionized 
gas, the spatial distributions of which are unassociated with the cur- 
rent extent of the star formation event. In the following discussion, 
we therefore consider this system to be related to the widespread 
star-forming galaxies (see blue-green symbols in Figures [5] and [8} ; 
we elaborate on this relationship in i]6.1| 

NGC 2974 also contains a large-scale star-forming ring, de- 
tected in PAHs, broadband UV emiss ion, and HI (Figure [3jz; 
Ijeong et ai]|2007l ; IWeiimans et al.1120081) . In this system, the ring 
is morp hologically and kinema tically aligned with the stars (Fig- 
ure [in IWeiimans et al.l 120081) . A probable interaction between 
this gas and a putative l arge-scale bar is responsible for generat - 
ing the ring morphology dKrainovic et al. 2005; Jeong et al]|2007h . 
suggesting that here, as with circumnuclear star-forming galaxies, 
there is a deep connection between stellar kinematic structures and 
the spatially distinct morphology of star formation. This galaxy 
resembles circumnuclear star-forming systems in other ways, in- 
cluding the co-rotation of the gas and the stars as well as the old 
SSP ages (11 Gyr; Kuntschner et al. in prep), and we consequently 
include NGC 2974 in our discussion of the circumnuclear star- 
forming galaxies in M6.2| (see blue-magenta symbol in Figure[8). 

Finally, NGC 4477, though unremarkable in the morphology 
of its star-forming region (Figure^), is notable for being the most 
strongly barred of the star-forming galaxies in our sample (see Fig- 
urelllt. and the effects of this bar on the dynamics of the system are 
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significant. The ionized gas kinematics are driven by the bar, pro- 
ducing a spiral inflow structure that creates a central star-forming 
disk kinematically aligned with the bar (Figure [Hj. The resulting 
strong misalignment between the stars and the ionized gas is an- 
other expected consequence of the bar, since the gas is confined to 
the bar's circular, non-intersecting orbits. In this sense, NGC 4477 
resembles the circumnuclear star-forming galaxies in a fundamen- 
tal way - the stars, ionized gas, and star formation activity are 
strongly related dynamically - despite more superficial differences. 
In addition, the stellar populations in NGC 4477, as with those in 
circumnuclear star-forming galaxies, are very evolved (SSP age of 
1 1 Gyr; Kuntschner et al. in prep). This renders the detection of star 
formation in this galaxy slightly uncertain, although PAHs, molec- 
ular gas, dust, and age and metallicity gradients are detected in 
the central regions of this system (see Paper V; Kuntscher et al. in 
prep; Crocker et al. in prep). Given these similarities to circumnu- 
clear star-forming galaxies, we discuss NGC 4477 alongside those 
galaxies in ^6.2| (see blue-magenta symbols in Figures [5] and [8). 

Despite being individually quite unique, these three "outlier" 
galaxies nevertheless each have important similarities to one of the 
two main modes of star formation. In the following sections, we 
speculate on these more nuanced connections and on the implica- 
tions for the origin and evolution of the two main modes of star 
formation. 



6 THE EVOLUTION OF THE RED SEQUENCE 

Our Spitzer data of the SAURON early-type galaxies makes it pos- 
sible to identify two different modes of star formation in these sys- 
tems and to study the cessation of star formation in each regime. 
We cannot, however, make quantitative statements from these data 
about the origins of the star-forming gas or about the mechanisms 
responsible for the shut-down of the star formation. In this section, 
we nevertheless speculate on these topics, taking advantage of our 
multi-wavelength suite of data and the insights of Sj5] in order to 
probe the role of the widespread and circumnuclear modes of star 
formation in the evolution of fast rotator early-type galaxies. After- 
wards, we briefly comment on slow rotators, none of which show 
any indication in our data for on-going or recent star formation; the 
formation and evolution of these systems is likely distinct from that 
of the fast rotators. 



6.1 Widespread Star-Forming Fast Rotators 

In S|5] widespread star-forming galaxies were found to have an 
equal presence of co- and counter-rotating stellar and gaseous 
structures, a distribution of kinematic alignments that is strongly 
suggestive of an external origin for the star-forming gas (Paper V). 
Indeed, this has been explicitly demonstrated for two of the three 
system s with coun ter-rotating structure s (NGC 3032: You ng et"al] 
120081 : NGC 4550: ICrocker et alj|2009l ; see also iTeini et alj|2009h 
and for the r elated "outlier" galaxy NGC 2 685 by virtue of its po- 
lar ring (e.g. ISchinnerer & Scoville!l2002l ; Ijozsa et al.|[20Qgh . The 
widespread star-forming galaxies are therefore more likely caused 
by the accretion of external gas than by secular evolut ion or reju- 
venated star formation via internal mass loss (see also lSarzi et al.l 
120071 : Oosterloo et al. in prep). Given the high gas mass fractions 
and specific SFRs resulting from these accretion events, it is per- 
haps more correct to call such events gas-rich mergers, with the 
accreted system being either a galaxy or cold gas. 

Furthermore, the majority of these mergers are likely minor 



mergers, since all of the widespread star-forming galaxies live in 
field or small group environments (with the possible exception of 
NGC 4150, which may be interacting with the outskirts of the Virgo 
cluster). It is difficult to justify invoking recent major mergers as 
the sole cause of the star formation in all six of these galaxies in 
our local (typical distance of a SAURON sample galaxy ~20 Mpc) 
sample. While a major m erger was likely resp onsible for one of 
these systems (NGC 4550; ICrocker et alj|20 09). the more frequen t 
minor mergers (see e.g. theoretical results of lFakhouri & Mal2008h 
are more logical causes for the star formation seen in most of the 
widespread star- forming galaxi es. Similar conclusions have been 
reached by iKavirai et alj d2009t) . who showed that the fraction of 
star-forming early-type galaxies, as detected in NUV, can be repro- 
duced well by the rate of gas-rich minor mergers in cosmological 
simulations. 

These minor mergers involve a large amount of gas that re- 
sults in significant star formation throughout the system, bringing 
the remnants all the way to the SFR-M* relation. The main progen- 
itors of these mergers may have been quiescent early-type systems 
whose star formation has been rejuvenated; however, it is also pos- 
sible that the main progenitors were spiral galaxies and that the 
minor merger is responsible for moving these galaxies off of the 
blue cloud, with the associated widespread star formation event 
representing the tail end of this process. Indeed, in the mass range 
of these galaxies, 60% of galaxies are late-type systems ( from the 
mass functions of iBell et al.ll2003l and lBaldrv et alj|2004h , result- 
ing in sufficient availability of such progenitors. Additionally, re- 
cent simulations have shown that SO-like galaxies can be produced 
by spiral galaxies sub jected to single minor mergers (4:1 to 10:1; 
iBournaud et al.l 12007). The widespread star-forming galaxies, all 
morphologically classified as SO, are thus good candidates for the 
products of recent minor mergers. 

In the wake of such (potentially formative) mergers, galaxies 
appear as widespread star-forming systems, which may in fact trace 
out the post-merger cessation of star formation in detail. Galaxies 
making this transition may initially resemble NGC 3032, the sys- 
tem that is forming stars very close to the SFR-M, sequence and 
that is the youngest and most gas rich galaxy in this class. As the 
molecular gas is depleted and/or disrupted, the star formation will 
cease first at large radii ( i]5.3t . Indeed, the galaxies in which this is 
observed (NGC 3156, NGC 3489, NGC 4150) also have very high 
[OlII]/H/3 emission line ratios that Paper XVI associates with ex- 
citation by planetary nebulae in post-starburst galaxies. The resid- 
ual star formation in these galaxies will fade to very low levels 
(as in NGC 4550) and eventually cease, after which widespread 
star-forming galaxies are expected to migrate onto the sequence 
of quiescent galaxies in SFR-M, space. This evolutionary process 
is somewhat modified in the polar ring galaxy NGC 2685, whose 
post-merger evolution (disruption of the gas and "outside-in" cessa- 
tion of star formation) was halted by the special orientation of the 
interaction. The cessation of star formation in the resulting, rare 
polar ring feature consequently may not follow a similar process to 
that in the other widespread star-forming galaxies, but the probable 
result, a quiescent lenticular galaxy, is the same. 

When the star formation has ceased, galaxies will have in- 
termediate SSP ages, with remnant B stars in the galaxies' cen- 
ters that may produce marginal PAH detections ( SI4.1.3I and Fig- 
ure [3}?) and no corresponding molecular reservoir dCombes et al.l 
1 20071 : Crocker et al. in prep). Candidate quiescent descendants of 
widespread star-forming galaxies may then be SO systems with 
widespread intermediate SSP ages (5 — 10 Gyr), several of which 
have been identified in the SAURON sample by Kuntschner et al. (in 
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Figure 9. H2 mass, Hi mass, and the ratio of the two, as a function of SSP age measured over R e (Kuntschner et al. in prep). The galaxies plotted are 
all SAURON systems classified as lenticular, excluding the circumnuclear star-forming star-forming galaxies where applicable. For the H2/H1 ratio, systems 
for which both the H2 and Hi masses are constrained only with upper limits are shown with open circles. In all plots, widespread star-forming galaxies are 
indicated with stars. 



prep). Two of the youngest of these are NGC 7332 and NGC 7457 
(SSP age of ~3— 5 Gyr; Kuntschner et al. in prep), both of which 
contain clearly disrupted interstellar media and very high [0III]/H,9 
emission line ratios. NGC 7332, in particular, is a likely descen- 
dant of an accretion event, caused by an interaction between this 
system and its companion gas-rich spiral galaxy. Atomic and ion- 
ized extra-planar gas structures connect these two galaxies and 
may be responsible for the central KDC visible in NGC 7332 
dFalcon-Barroso et al.ll2004 iMorganti et alj|2006t) . However, the 
intermediate SSP ages in this galaxy and NGC 7457, along with 
the lack of detection of on-going star formation in the SAURON 
and Spitzer data, suggest that these systems are in fact quiescent 
relics, perhaps of widespread star-forming galaxies. 

The cessation of star formation, which turns widespread star- 
forming galaxies into quiescent early-type systems, was shown in 
i|5.3| to be coincident with the heating or exhaustion of the available 
molecular reservoir. Testing which of these processes is at work in 
widespread star-forming galaxies is not straightforward, but we can 
examine the state of t he ISM to zeroth order in F igure [9] us ing H2 



masses measured by Schinnerer & Scoville 
d2007h . lYoung et all J2008h . ICrocker et alj 120081) . and Crocker et 



in Figure|9| using H2 
d200a , ICombes et al.1 



al. (in prep) and HI masses compil ed by lRoberts et al.l J 199 lh and 
measured bv lMorgantietal.1 §006), all corrected to the distances 
assumed here. We find that the ratio of molecular to atomic gas 
declines steeply with SSP age; this decline reflects both a decreas- 
ing molecular component and a slightly increasing atomic com- 
ponent with age. However, this Figure contains many upper lim- 
its and clearly requires more data, so we suffice to conclude that 
the observed phase of the ISM is not inconsistent with older sys- 
tems having hotter interstellar media (more HI than H2). Similarly, 
the data are also consistent with the end of star formation resulting 
from the gradual consumption of a finite reservoir of molecular gas 
(decreasing H2 in the presence of constant HI). 

The picture sketched in this section can thus be summarized 
as follows: A star-forming spiral galaxy or a quiescent lenticular 
galaxy undergoes a major or minor gas-rich merger, resulting in 
a bulge-dominated remnant. After the merger, the remaining gas 
settles into a plane, where it is gradually consumed or heated and 
therefore forms stars at ever decreasing rates. The star formation 
ceases in an "outside-in" manner, in which the star formation at 
large radii ends first, followed by that in the galaxy center. During 
this process, the galaxy is moving from the blue cloud, through the 



green valley, and eventually onto the red sequence. The residual star 
formation in this stage has created a young population that domi- 
nates the galaxy's stellar light and that rotates rapidly because of its 
(low velocity dispersion) gaseous origin. This process may there- 
fore be connected to the production of the fastest rotating early-type 
galaxies. 



6.2 Circumnuclear Star-Forming Fast Rotators 

For the circumnuclear star-forming galaxies, in contrast, it is less 
straightforward to deduce the gas origins from the observations. 
Given the co-rotation of the gas and the stars in all circumnuclear 
star-forming systems (excepting NGC 4477, in which the gas kine- 
matics are driven by the strong bar), a simple explanation would 
be that the gas originated within the galaxies, a s a res ult of mass 
loss from evolved stellar populations. iTemi et al.l ( 120091) use a sim- 
ple analytic calculation to demonstrate this scenario and show that 
the amount of gas generated by post-AGB stars is more than suf- 
fici ent for late -time star formation in early-type galaxies (see also 
e.g. lHoll2009T) . Likewise, Paper XVI demonstrates that these stars 
dominate the ionized gas distribution and excitation in the SAURON 
sample, implying that the mass loss associated with this phase of 
stellar evolution plays a key role in regulating the ISM in early-type 
galaxies. 

However, in one of the "outliers" associated with this class 
of galaxies (NGC 2974), the distribution of the star-forming gas 
in an outer ring is alm ost certainly caused by the interaction o f 
accreted gas with a bar jKrainovic et alj|2005l ; Ijeong et al . I l2007l) . 
Some galaxies in the SAURON sample indeed show evidence of on- 
going gas accretion, in one of which (NG C 1023) the gas seem s 
to be settling into co-rotation with the stars (Morganti et alj|2006h ; 
nevertheless, it remains unclear what the ultimate fate of this gas 
will be. With the available data, we therefore cannot rule out an 
external origin for the star-forming gas in at least some of the cir- 
cumnuclear star-forming objects. 

Although definite statements cannot be made about the origins 
of the gas in circumnuclear star-forming galaxies from the data pre- 
sented here, their star formation can clearly be identified as a reju- 
venation inside previously quiescent stellar systems. This is evident 
in the combination of the regular, confined star-forming structures 
with the presence of uniformly old stellar populations (SSP age 
>10 Gyr; Kuntschner et al. in prep) outside of the star-forming 
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regions in these galaxies. If the gas causing this rejuvenation has 
internal origins, the similar stellar mass loss rates in all galaxies 
imply that this mode of star formation may be common to the ma- 
jority of fast rotators. Likewise, if the gas comes from wet minor 
mergers, it is expected to have been repl enished at least once in the 
past 10 Gyr in these massive galaxies (Fakhouri & Ma 20081) . In 
either case, all fast rotating galaxies would be equally eligible for 
such star formation events. 

In this scenario, the only difference between those fast rotat- 
ing galaxies with on-going circumnuclear star formation and those 
without is the amount of gas in the system. In the Toomre criterion 
for the stability of a system against star formation, the stability Q 
depends on the epicycle frequency, the sound speed of the gas, and 
the surface density of the gas. For the SAURON galaxies, we have 
explicitly tested that the epicycle frequency radial profiles show no 
systematic differences between galaxies with and without circum- 
nuclear star formation. Consequently, gas of similar surface densi- 
ties embedded in all of the fast rotators would result in similar Q 
values and thus similar star formation rates and morphologies. 

The above results hint that this mode of star formation may be 
a transient and recurrent phenomenon in all fast rotators; it is there- 
fore possible to estimate the duty cycle of this process. Since the 
SAURON sample is roughly complete for local early-type galaxies 
with stellar masses exceeding ~ 10 11 Mq, we restrict our estimate 
to this regime. One approximation of the duty cycle is simply the 
occurrence rate of on-going star formation in a central disk mor- 
phology; here, we observe this to be 2/9 for fast-rotating galax- 
ies above our mass threshold (excluding the 3 circumnuclear star- 
forming galaxies that are below this mass threshold and the 2 cir- 
cumnuclear star-forming galaxies that have only suggestive detec- 
tions of on-going star formation). Another approximation comes 
from the lifetime of the star formation event relative to that of the 
system; the mean SSP age of ~10 Gyr of massive galaxies and the 
gas exhaustion timescales in these galaxies of ~1 Gyr (SFR ~ sev- 
eral tenths of Mq yr^ 1 and molecular reservoirs of several x 10 8 
Mq) yield a duty cycle of 1/10. 

In the ~ 1/10 fast rotators in which the necessary gas (with suf- 
ficiently low mass fraction) is present, the star formation typically 
occurs in a well-defined central disk structure. This structure sug- 
gests a sharp radial limit exists in these galaxies. One natural expla- 
nation is via bar resona nces, as are respo nsible for the large-scale 
ring galaxy NGC 2974 l ljeong et alj2007h . for the gas inflow in the 
strongly barred galaxy NGC 4477, and for the circumnuclear disks 
seen in the bulges of late-type galaxies iKormendv & Kennicuttl 
l2004h . The role of bars in these systems is particular apparent in 
NGC 4477, in which the bar is driving a spiral structure in the gas 
and is funneling it towards the inner Lindblad resonance (ILR). To- 
gether with the lack of strong signatures of star formation (in SSP 
age or [OlIIj/H/3) in this galaxy, these observations suggest that this 
galaxy may be in an initial stage of circumnuclear star formation. 
The weaker bars detected in some of the other circumnuclear star- 
forming galaxies may have already driven the majority of the gas 
into the ILR and now function to maintain the observed radial limit. 
However, bars are not the only possible explanation for the radial 
limit of circumnuclear star formation events. An alternative expla- 
nation may be a balance between the background radiation within 
the galaxy and the cooling time, which decreases rapidly in the cen- 
tral regions, perhaps resulting in a sharply defined region in which 
the gas can cool and form stars. 

When this star formation ceases, the descendant galaxies will 
likely not be readily identifiable via gradually increasing SSP ages, 
unlike as in the case of widespread star-forming galaxies. This is 



due to the difficulty inherent in detecting a low mass ratio, inter- 
mediate age population on top of a prominent background of stars 
with SSP ages >10 Gyr; even in the circumnuclear star-forming 
systems with on-going star formation, the measured SSP ages are 
quite high (several Gyr to 10 Gyr) because of this effect. However, 
residuals from this process may in fact be visible via the result- 
ing increased metallicity in the younger population; indeed, in Pa- 
per VI, more than half of the fast rotators are found to contain "Mg 
b disks," flattened, higher metallicity structures with similar spatial 
scales to that seen in PAH emission in circumnuclear star-forming 
galaxies (see also Kuntschner et al. in prep). Moreover, the stellar 
disks that ought to be created from secondary star formation events 
are also observed to be ubiquitous in fast rotators; Paper XII notes 
that the presence of these embedded, flattened and rapidly rotating 
structures is in fact what defines fast rotating early-type galaxies as 
a population. This mode of recurrent and transient star formation 
may contribute to these components in all fast rotators. 

The picture emerging here can thus be summarized as fol- 
lows: A quiescent, fast rotating early-type galaxy acquires a new 
gas reservoir, either through internal stellar mass loss or through 
accretion of external gas. The gas settles into co-rotating orbits in 
the equitorial plane and forms stars, making the galaxy observable 
as a circumnuclear star-forming system. When the star formation 
ceases, over the course of ~1 Gyr, the galaxy returns from being 
transiently star-forming back to passively evolving. The rekindled 
star formation from this event has replenished the galaxy's stellar 
disk, adding a younger, thinner, faster rotating, and more metal- 
rich (though low mass fraction) component to this structure. In this 
manner, the kinematically distinct stellar disks in fast rotators are 
maintained. 

6.3 Slow Rotators 

Much of the discussion so far in this paper has focused on the evo- 
lution of fast rotator galaxies into and out of quiescent states. How- 
ever, the SAURON sample of local early-type galaxies also con- 
tains a number of slow rotators, whose properties differ dramati- 
cally from those of the fast rotators. Of particular relevance to this 
discussion is the complete absence of star formation, as traced by 
PAH emission, in these systems. Instead, slow rotators can have 
significant X-ray halos of hot gas, unlik e their rapidly rotating kin 
dSarzi et alj2007l : lKormendv et alj2009h . These halos naturally ex- 
plain the lack of star formation activity in the slow rotators, in 
which the ISM is simply too hot for gas to cool and condense. 

The hot halos in slow rotators may be maintained by radio 
AGN, which are detected in some of the slow rotators both in the 
radio (Paper XVI) and in 8.0/im emission. lCroton et alj ( l200^) have 
demonstrated that the presence of such AGN, operating in only 
the highest mass halos, is effective at replicating observed proper- 
ties of red sequence galaxies in simulations. However, other mass- 
dependent "maintenance modes" not relyin g on AGN activity (e.g. 
Dekel & Birnboimll200rj ; lNaab et all 2007) can also reproduce the 
characteristics of this population and maintain hot halos. 

Whatever the cause, it is likely that the slow rotators in the 
SAURON sample have been quiescent for much of their histories. 
These galaxies do not host on-going star formation, and their SSP 
ages are uniformly > 10 Gyr (Kuntschner et al. in prep). This is con- 
sistent with the cosmological (major and minor) mergers thought 
to be necessary to t he formation of these objects (Naa b et alj2006l : 
iBurkert et al]|2008l) . This galaxy population is therefore distinct in 
that it does not appear to participate in the continuing dissipational 
evolution observed here in the fast rotators. 
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7 CONCLUSIONS 

Using the synthesis of SAURON integral field spectroscopy and 
Spitzer mid-IR imaging, we have probed star formation processes 
in a representative sample of early-type galaxies. We find com- 
pelling evidence for star formation in 8 of 48 early-type galax- 
ies and potential evidence for star formation in an additional 5 of 
48 systems. However, since the SAURON sample was designed to 
cover parameter space rather than to statistically sample it, the ob- 
served frequency of star formation in early-type galaxies should be 
used with caution, especially in the lower mass range where the 
SAURON sample is statistically incomplete. 

Nevertheless, the representative nature of the SAURON sample 
does suggest that these results can be used to understand the prop- 
erties of early-type galaxies as a population. With this sample and 
the associated auxiliary data, we find that star formation proceeds 
with the same surface densities and efficiencies as in spiral galaxies 
and circumnuclear starbursts. This suggests that the low-level star 
formation observed in early-type galaxies is essentially a scaled 
down version of similar processes in more vigorously star-forming 
galaxies. This analogy is also valid kinematically; we observe star 
formation to only be present in fast rotating early-type galaxies and 
to occur in flattened disk or ring morphologies. 

Moreover, we find that star formation in these galaxies hap- 
pens in one of two regimes: in the first, star formation is widespread 
and has no obvious link to stellar and gas kinematic substructures, 
while in the second, star formation is a spatially distinct process, 
often circumnuclear, whose extent corresponds well to those of the 
observed ionized gas, molecular gas, dust, and embedded stellar 
disks. Analysis of the galaxies in each regime and their relation 
to the early-type population as a whole indicates that these two 
classes in fact represent very different stages in the evolution of 
red sequence galaxies. 

In widespread star-forming galaxies, the star formation events 
have relatively high mass fractions, perhaps due to the lower masses 
of these galaxies, causing them to dominate the galaxies' stel- 
lar light and kinematics. Together with the equal distribution of 
co- and counter-rotating kinematic structures in these systems that 
strongly indicates external origins for the gas, this suggests that 
widespread star-forming galaxies have recently undergone gas-rich 
minor mergers. Simulations show that such minor mergers are suf- 
ficient to transform star-forming spiral galaxies into red lenticular 
galaxies, and we suggest that the widespread star-forming galaxies 
are either in the final stages of such a transformation or represent 
a reinvigoration of star formation in previously quiescent lenticular 
galaxies. In either case, the eventual cessation of star formation in 
these galaxies is observed to occur in an "outside-in" manner as 
the molecular gas is heated or consumed and the galaxies become 
quiescent. 

In contrast, circumnuclear star-forming galaxies are character- 
ized by star formation with relatively low mass fractions, perhaps 
due to the higher masses of these galaxies. These galaxies are ex- 
periencing an epoch of renewed star formation, as evident in the 
evolved stellar populations outside the star-forming regions, from 
gas that was acquired either through internal stellar mass loss or 
very minor mergers. It is likely that this process, which has a duty 
cycle of ~1/10 Gyr and can occur equally in all fast rotators, is 
important in reinforcing the embedded stellar disks that are found 
in this galaxy population. The circumnuclear star-forming star for- 
mation may therefore be a transient star formation event during the 
lives of all fast rotators, as they temporarily experience renewed star 



formation, resulting in additional thin, rapidly rotating, and metal- 
rich stellar disks. 

A complete picture of early-type galaxies also includes the 
slow rotator population, which shows no evidence for on-going or 
recent star formation in our data. In these systems, it is likely that 
a mass-dependent quenching mechanism, active only in these most 
massive galaxies, is continuously heating the interstellar media and 
preventing cooling and star formation. Consequently, the stars in 
these galaxies are uniformly old. 

The scenarios of galaxy formation and evolution presented 
here will naturally need to be confirmed and refined. Future in- 
vestigations with statistical samples will be crucial in probing the 
true nature of the two regimes of star formation proposed here, 
both of which are observed in only a handful of galaxies in our 
sample. Another avenue with great promise is augmenting the 
multi-wavelength coverage of the SAURON sample to include high 
resolution HI observations, in order to relate star formation pro- 
cesses to the morphology and kinematics of atomic gas reservoirs 
in these galaxies and thus further constrain the gas origins in both 
widespread star-forming and circumnuclear star-forming galaxies. 
Finally, extending the SSP modeling to allow multiple stellar pop- 
ulations can provide greater insight into the star formation histories 
of early-type galaxies. The results from these and similar studies 
will doubtlessly continue to improve our understanding of the for- 
mation and evolution of elliptical and lenticular galaxies. 
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NGC821 




Figure 10. Comparison of SAURON maps and available Spitzer data for a representative galaxy with unremarkable infrared properties. From left to right. Top 
row: IRAC 3.6pm image, IRAC 8.0/^m image, and IRAC 8.0/im image with stellar contribution removed (see text for details). The cross indicates the original 
axes of the IRAC CCD; high flux in a pixel (e.g. the galaxy center) can produce spurious structures along these axes. Second row: Broad-band image from 
SAURON integrated flux covering roughly the V-band, SAURON stellar velocity map, and SAURON stellar velocity dispersion map. Third row: SAURON H/3 
emission line flux, SAURON ionized gas velocity map, and SAURON ionized gas velocity dispersion map (both of the latter derived from the typically stronger 
[OIII] emission). Bottom row: IRAC 8.0/im equivalent width (8.0/jm non-stellar / 3.6/^m) map, SAURON [OIII]/H/3 map, and SAURON H/3 line strength map 
(both of the latter with contours of the 8.0/im non-stellar map overplotted). In all maps, North is up and East to the left, and axes are labelled in arcseconds. 
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Figure 11. As with Figure fTol for all sample galaxies with significant infrared emission. 
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Figure llll continued 
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Figure [111 continued A foreground star is visible in the southwest corner of the Spitzer data. 
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Figure llll continued 
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NGC3377 




Figure llll continued 
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Figure Ull continued 
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NGC3414 




Figure llll continued 
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Figure Ull continued 
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Figure llll continued 
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Figure llll continued 
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Figure [111 continued 
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Figure [111 continued 
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Figure Ull continued 
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Figure llll continued 
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Figure llll continued 
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Fieure llll continued 
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Figure llll continued 



48 K. L. Shapiro et al. 
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